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                     Abstract 
Nanoprobes, Nanostructured Materials and Solid State Materials 
Houping Yin 
Advisor: Dr. Yen Wei 
 
 
 
Novel templates have been developed to prepare nanostructured porous materials 
through nonsurfactant templated pathway. And new applications of these materials, such 
as drug delivery and molecular imprinting, have been explored. The relationship between 
template content and pore structure has been investigated. The composition and pore 
structures were studied in detail using IR, TGA, SEM, TEM, BET and XRD. The 
obtained mesoporous materials have tunable diameters in the range of 2-12 nm. Due to 
the many advantages of this nonsurfactant templated pathway, such as environment 
friendly and biocompatibility, controlled release of antibiotics in the nanoporous 
materials were studied. The in vitro release properties were found to depend on the silica 
structures which were well tuned by varying the template content. A controlled long-term 
release pattern of vancomycin was achieved when the template content was 30 wt% or 
lower.  
Nanoscale electrochemical probes with dimensions as small as 50 nm in diameter 
and 1-2 µm in length were fabricated using electron beam deposition on the apex of 
conventional micron size electrodes. The electroactive region was limited to the extreme 
tip of the nanoprobe by coating with an insulating polymer and re-opening of the coating 
at the extreme tip. The novel nanoelectrodes thus prepared were employed to probe 
  
xx
 
neurons in mouse brain slice and the results suggest that the nanoprobes were capable of 
recording neuronal excitatory postsynaptic potential signals.  
Interesting solid state chemistry was found in oxygenated iron phthalocyanine. 
Their Mössbauer spectra show the formation of four oxygenated species apart from the 
unoxygenated parent compound. The oxygen-bridged compounds formed in the solid 
matrix bear no resemblance to the one formed by solution chemistry. Tentative 
assignment of species has been made with the help of Mössbauer and IR spectroscopy. 
An effort to modify aniline trimer for potential nanoelectronics applications and 
to investigate the formation of “nano-pancake” shape aggregation was also reported. 
 
 
   
  
1
 
Preface 
A novel nonsurfactant templated pathway to synthesize mesoporous materials has 
been developed in our lab. One of the objectives of this thesis study is to extend this 
nonsurfactant approach to develop nanostructured porous materials, and to explore some 
new potential applications, such as controlled drug release and molecular imprinting. 
These materials usually have high surface area and large pore volume. The pore 
diameters are narrowly centered at 2-12 nm. A number of small organic compounds were 
studied as the nonsurfactant template molecules. These materials are biocompatible and a 
broad selection of templates can be used to tune the pore structure.  
Chapter 1 presents a study focused on the synthesis of mesoporous materials with 
new categories of nonsurfactant template, and a brief review of nanostructured porous 
sol-gel materials is also included in this chapter. Mesoporous materials have been 
obtained by using sugar substitutes as templates. Small organic molecules which are 
sublimable were also tried as new templates. This new class of templates can be removed 
at a relatively low temperature to avoid the conventional high temperature calcination. 
The materials synthesis and characterization are described.  
Chapter 2 involves the application of mesoporous materials in controlled drug 
delivery. Several antibiotics were immobilized in room temperature processed porous 
silica matrix. Various amounts of fructose or PEG (0-60 wt%) were used as template to 
control the pore structure of the silica matrix. The silica materials exhibit a large pore 
volume up to 1.1 cm3g-1, and the materials have tunable pore diameters in the range of 3-
  
2
 
12 nm. The in vitro release properties were investigated in relation to the silica structures. 
A controlled long-term release pattern of vancomycin was achieved when the template 
content was no higher than 30%.  
Chapter 3 deals with the application of mesoporous materials in molecular 
imprinting. In this study, larger asymmetric helical molecules including DNA and 
collagen were employed as templates in the preparation of molecular imprinted silica via 
the sol-gel process. After template removal, selective adsorption of silica matrix was 
tested with racemic solutions of tartaric acid, malic acid, 1,1’-bi-2-naphthol, and camphor. 
The results showed that the collagen-imprinted silica might exhibit some enantiomeric 
selectivity in tartaric acid system.  
Chapter 4 presents the studies on nanoscale electrochemical probes with 
dimensions as small as 50 nm in diameter and 1-2 micrometers in length. These 
nanoprobes have been fabricated using electron beam deposition on the apex of 
conventional micron size electrodes. The electroactive region is limited to the extreme tip 
of the nanoprobe by coating with insulating polymer and re-opening of the coating at the 
extreme tip. We show that our nanoelectrodes are capable of recording neuronal signals 
from neurons of the mouse hippocampal slice preparation.   
Chapter 5 is a study on the solid state materials based on phthalocyanines. 
Oxygen has been diffused into the interplanar spacings of solid β-Fe(II)Pc at relatively 
low temperatures in the dry state and in aqueous suspensions. A variety of oxygen 
adducts were stabilized in the solid matrix. Their structure assignment was attempted 
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based on their Mössbauer spectra and IR spectra. One species converts to another when 
temperature changes.  
An effort to modify aniline trimer and to explore some new applications in 
nanoelectronics is reported in Chapter 6. The formation of “nano-pancake” shape 
aggregation was also studied. 
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Chapter 1. Mesoporous Sol-Gel Materials Prepared Using Novel Templates 
 
 
1.1 Introduction 
Sol-gel process has been widely studied due to many advantages it provides. The 
simple and convenient synthesis procedure, inexpensive starting material, homogeneity 
and high purity of products, low temperature processing properties, etc., offer sol-gel 
materials versatile applications. They can be used as catalysts,1 separation media,2 
sensors, host materials, etc. The sol-gel products can be prepared into various forms, such 
as monoliths, particles, thin films,3,4 and fibers,5,6 depending on different applications. 
The sol-gel materials are formed in two stages: a homogeneous sol consisting of high 
molecular weight but still soluble poly-intermediates and then a gel, when the 
intermediates link together to form a three dimensional network.7  
Mesoporous materials have pore sizes between 2 and 50 nm. When pore sizes are 
less than 2 nm, the materials are defined as microporous. And when pore sizes are larger 
than 50 nm, the materials are called macroporous.8 Scientists have postulated that the 
formation of these porous materials concerns the concepts of structural directing agent or 
template. Templating has been defined as a process in which an organic species functions 
as a central structure around which oxide moieties organize into a crystalline lattice.9 In 
sol-gel process to porous materials, organic molecules are introduced into a sol mixture, 
then after gelling, they are incorporated into the inorganic matrix. The organic 
compounds are called templates. After template removal, the space previously occupied 
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by organic compounds is left behind as pores. The selection of template, along with its 
removal method, is very important in the template route to mesoporous materials. They 
can control porosity and microstructure of the materials. Tetraethoxysilane (TEOS) and 
tetramethoxysilane (TMOS) are the most commonly used alkoxide precursors in the 
preparation of silica sol-gel materials. Other metal oxides, like titania, alumina, have also 
undergone rapid growth to the synthesis of non-silica based mesostructured materials.10,11 
 
1.1.1. Surfactant Templated Pathway 
Since the discovery of the M41S family of mesoporous silicate and 
aluminosilicate molecular sieves, the surfactant templated mesostructured materials have 
drawn great interest in materials chemistry.12,13  Using alkyltrimethylammonium cationic 
surfactant as pore structure directing agents, materials with a hexagonal arrangement of 
uniform mesopores were obtained. The composite hexagonal mesophase is suggested to 
form by condensation of silicate species around a preformed hexagonal surfactant array 
or by adsorption of silicate on organic array. These materials have tunable pore diameters 
in the range of 1.5-10 nm. They also possess extremely high surface areas (> 1000 m2 g-1) 
and narrow pore size distributions. A wide variety of surfactant molecules have been 
studied subsequently. Ionic14,15 and neutral16-18 surfactants have been employed as 
templates, which direct the mesoporous structure based on the electrostatic or hydrogen-
bonding interactions. The ionic templates are usually removed by high temperature 
calcination or by ion exchange.19  In a typical calcination process, the template-
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containing samples are usually heated in air or oxygen at above 500 ºC. The templates 
will decompose to small gaseous molecules and can be removed completely. The neutral 
surfactants can also be removed by hot solvent extraction.20  
 
1.1.2. Nonsurfactant Templated Pathway 
Our group reported a low cost, environment friendly, nonsurfactant template route 
to prepare mesoporous materials via sol-gel reactions in 1998.21 By using small organic 
molecules as template, mesoporous materials can be prepared after template removal by 
solvent extraction at room temperature.22 The materials usually have high surface areas 
and large pore volumes. The pore parameters are tunable by simply varying the template 
concentration. The entire preparation can be performed at room temperature and near 
neutral pH. Most of the nonsurfactant templates studied are water soluble small organic 
compounds, such as glucose, maltose, fructose, hydroxyl carboxylic acid, and urea, all of 
which can be easily removed by solvent extraction. This discovery expanded the 
categories of the template compounds available for the sol-gel synthesis of porous 
materials. The use of water soluble templates provides a mild low temperature synthetic 
route to prepare mesoporous sol-gel materials. The mesoporous materials prepared using 
this method have been successfully used for enzyme and protein immobilization.23 
In general, the synthesis starts with the hydrolysis of inorganic precursors, e.g., 
tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS) for silica. The 
template is then added into the sol. Upon gelation and drying, the template-silica 
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composites are obtained usually as transparent and monolithic solids. The template 
molecules can be completely removed by solvent extraction. The aged template-
containing samples are usually ground into fine powder or broken into small pieces and 
then extracted with water at room temperature. The template molecules gradually 
dissolve in water and diffuse out of the silica matrix. The removal of the templates results 
in mesoporous silica matrix with interconnected channels of regular diameters. The pore 
structure is not highly ordered and a framework filled with interconnected wormlike 
pores is observed. The pore parameters, such as pore size, pore volume, surface area, are 
adjustable to a certain extent simply by varying concentration of the template in the 
preparation. Generally, the values of pore parameters increase with the template 
concentration. The mechanism of this nonsurfactant templated pathway is not fully 
understood yet. We propose that during the sol-gel process, the nonsurfactant molecules 
aggregate; the aggregation and the hydrogen bonding interactions may play an important 
role in directing the mesophase formation. Mesoporous silica, alumina and titania have 
been successfully prepared using the nonsurfactant templated pathway.24,25 
A major part of my research has been focused on further developing the 
nonsurfactant templated pathway, exploring the new applications of these materials, such 
as controlled drug releasing, molecular imprinting, which will be discussed in Chapters 2 
and 3, respectively. In this chapter, as a further study of mesoporous materials via the 
nonsurfactant templated pathway, a lot of small organic molecules were studied to see if 
they could afford mesoporous materials. Also a new method for template removal was 
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studied. The project we present here is to synthesize and characterize mesoporous silica 
and titania materials using some novel templates. 
 
1.1.3. Sugar Substitutes and Other Small Biocompatible Compounds 
Sugar substitutes, such as aspartame and saccharin were selected as new templates. 
Small biocompatible compounds, like aspirin (acetylsalicylic acid), were also 
investigated as templates. The synthesis was based on the nonsurfactant templated 
pathway developed in our group. The study should expand the range of organic 
compounds that can act as template, and provide further understanding of the mechanism 
of nonsurfactant templated pathway.  
 
1.1.4. Sublimable Organic Compounds as Templates 
Calcination at a high temperature is often used to remove the template. During 
calcination, template-containing samples are heated in air or flowing oxygen at 
temperatures above 500 ºC in order for the template to decompose to simple gaseous 
molecules. The template molecules can be completely removed. However, such a high 
temperature would cause some pore contraction and pore collapse, which will result in an 
undesirable loss of porosity and pore regularity. Other template removal methods at 
lower temperature have been reported, such as ion exchange,19 UV-ozone treatment,26 
and oxygen plasma treatment.27 In this study, we used sublimable organic compounds as 
a new category of template to prepare mesoporous materials. Due to the sublimable 
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properties, these new templates may offer the opportunities to a useful alternative for 
efficient template removal at relatively low temperature. 
Small organic compounds which can sublime at relatively low temperature and 
some compounds with similar structures to them were studied as possible new templates 
for mesoporous materials. Various amounts of camphor, camphorsulfonic acid, 
naphthalene, p-dichlorobenzene, hexachloroethane, phenol, hydroquinone, 1,2,4-
benzenetriol, were added into silica or titania sol to yield 0-60% by weight of templates 
in the final dry gel products. Some silica or titania materials exhibit a large pore volume 
up to 0.8 cm3g-1, and a high BET surface area up to 1200 m2g-1. The pore volume and 
BET surface area tend to increase with the increased template concentration. We showed 
that, with a sublimable template, some pore structures can be obtained at relatively low 
temperature, such as 200 ºC, or even room temperature. 
 
1.2. Experimental 
1.2.1. Materials  
Tetraethoxysilane (TEOS, Aldrich), tetramethoxysilane (TMOS, Aldrich), 
titanium (IV) n-butoxide (TBT, 97%, Aldrich), hydrochloric acid (HCl, Fisher), 
aspartame (Asp-Phe methyl ester, Sigma), saccharin (saccharin sodium salt hydrate, 98%, 
Sigma), camphor (97%, Aldrich), camphorsulfonic acid (Aldrich), naphthalene (Aldrich), 
p-dichlorobenzene (Aldrich), hexachloroethane(Aldrich), phenol (Aldrich), hydroquinone 
(99%, Aldrich), 1,2,4-benzenetriol (Aldrich), aspirin (acetylsalicylic acid, 99.5%, 
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Aldrich), and ethyl alcohol (EtOH, Pharmco) were used as received without further 
purification. Doubly distilled, deionized water was used to make all aqueous solutions. 
 
1.2.2. Synthesis of Mesoporous Silica or Titania Materials 
Tetramethoxysilane (TMOS) was used as a precursor for the study of sugar 
substitutes and other small biocompatible compounds. Tetraethoxysilane (TEOS) was 
used as a precursor for the study of sublimable compounds. Titanium (IV) n-butoxide 
(TBT) was studied as a precursor for phenol, hydroquinone, 1,2,4-benzenetriol only. 
As a typical example for TMOS precursor, to a homogeneous solution of 1.52 g 
of TMOS, 15 µl of 40-mM HCl, and 0.35 g of distilled and deionized H2O in a 10-ml 
glass vial at room temperature, various amounts of saccharin aqueous solution were 
added under stirring. Same precursor was used for aspartame, which was dissolved in pH 
2 acidic solution. When TEOS was used as a precursor, TEOS was prehydrolyzed with 
H2O in ethanol using HCl as catalyst. As a typical example, 2.118 g of TEOS, 0.72 g of 
distilled and deionized H2O, 1.38 g of EtOH, and 0.05 mL of 2M HCl were mixed in a 
15-ml glass vial at room temperature. A template solution dissolved in ethanol was then 
added into the prehydrolyzed sol under magnetic stirring. Similar procedures were 
adapted from the preparation of silica samples to prepare titania samples. When TBT was 
used as a precursor, 3 g of TBT were dissolved in 30 mL ethanol in a 100-mL beaker. 
0.200 mL 0.28N HCl were added as catalyst. If the solution turned cloudy, one or two 
drops of 12N HCl would be added, then the solution would turn clear again. A template 
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solution was then added into the sol. Amounts of template solution were designed to 
yield 0-60% by weight of template in the final dry gel products. The following 
procedures applied to all three precursors. The sol mixture was prepared in a relatively 
large quantity for the convenience of preparing a series of samples with different 
concentrations. The vial or beaker was then sealed with a piece of paraffin film. The sol 
mixture was kept stirred until the solution looked very viscous, which could take a few 
hours to a few days depending on different template compounds. Then 5-7 holes were 
punched for the sugar substitute compounds in the paraffin film with a syringe needle to 
allow the evaporation of solvent and volatile reaction by-products (i.e., methanol from 
TMOS or ethanol from TEOS, and water). Only 1-2 holes were punched for the 
sublimable compounds in the paraffin film in order to keep the loss of sublimable 
template at a minimal level. Transparent and glassy template-containing silica monoliths 
were obtained after gelation and drying in the fume hoods for up to one month. At high 
concentrations of templates, the samples sometimes broke into smaller, but still 
transparent and crack-free pieces during the drying process. A fast drying process would 
result in phase separation. The sample-containing vials or beakers were then placed in a 
vacuum oven and kept at room temperature. For the sublimable samples, they were 
ground into fine powder, and divided into several batches to study different template 
removal methods. For example, they were kept at room temperature in a vacuum oven for 
up to one month. The weight of samples was frequently checked to monitor the template 
loss. Different batches were heated in an oven at 200 ºC for 3 hours, or calcinated at 550 
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ºC for 3 hours, or removed by solvent extraction. Pore parameters were compared for the 
different template removal methods. Control samples were also prepared under identical 
conditions in the absence of template, which were denoted as the 0 wt% samples. 
 
1.2.3. Instrumentation and Characterization 
The characterization of the microstructure parameters, i.e., pore size and 
distribution, specific surface area, and pore volume, of the silica matrix was carried out 
with N2 adsorption-desorption isotherms at –196 ºC on a Micromeritics ASAP 2010 
system (Norcross, GA). Prior to measurements, the samples were degassed at 100 °C and 
1 Pa for 6-7 h. Infrared spectra of KBr powder-pressed pellets were recorded on a Perkin-
Elmer Model 1600 FTIR spectrophotometer. Thermalgravimetric analysis (TGA) was 
carried out with a TA Q50 Instrument under oxygen atmosphere at a heating rate of 10 
°C/min. Before TGA measurement, the samples were dried in a vacuum oven at 40 ºC for 
overnight. Transmission electron microscopy (TEM) images were taken on JEOL 2010 
and 4000EX TEM. 
 
1.3. Results and Discussion 
1.3.1. Sugar Substitutes and Other Small Biocompatible Compounds 
The mesoporous silica materials were successfully prepared using the sugar 
substitute compounds, saccharin and aspartame, as templates. Just like those 
nonsurfactant templates reported by our group, transparent, hard, glassy silica materials 
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were obtained using these new templates. And they can be easily removed by water 
extraction or calcination. To study the effect of template removal method on the porosity, 
saccharin was removed by water extraction for 3 days and calcination at 550 ºC for 3 
hours respectively. 
The composition of the saccharin templated silica materials and the pore 
parameters of the mesoporous silica are summarized in Table 1-1. The silica materials 
exhibited a large pore volume up to 0.7 cm3g-1, and the materials had tunable pore 
diameters of 2-5 nm. The effects of template concentrations on pore parameters resemble 
those we observed for other nonsurfactant compounds. As the saccharin concentration 
increases, the pore volume and pore diameter tend to increase. The Brunauer-Emmett-
Teller (BET) surface area increases with the saccharin content increase up to 40 wt%, 
after that it tends to decrease. As reported earlier, this is a result of competition of the 
effect of pore diameter increase over the effect of pore volume increase.28,29 
Although mesoporous materials can be obtained with the two template removal 
methods, i.e., water extraction and high temperature calcination (Table 1-1), by 
comparing the data, one can easily see that water extraction provides materials with 
higher surface area, higher pore volume, and wider pore diameters when the template 
content is the same. For example, sample Sac40 has 40% template by weight before 
template removal, after water extraction, the material has 703 m2g-1 surface area, 0.671 
cm3g-1 pore volume, pore diameter is 39.4 Å from BJH method and 38.2 Å from BET 
method.  In contrast, after calcinated at 550 ºC for 3 hours, the material has only 487 m2g-
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1 surface area, 0.390 cm3g-1 pore volume, pore diameter is 34.5 Å from BJH method and 
32.0 Å from BET method.  This applies to the whole series of materials. This shows that 
the high temperature has caused some pore contraction and pore collapse, which results 
in the loss of porosity. The mesoporous materials after template removal have a tunable 
pore diameter within the range of 2-5 nm. 
Nitrogen adsorption-desorption isotherms of silica were recorded over a relative 
pressure (P/P0) from 0 to 1 at -196 °C. The typical isotherms of silica with various 
amounts of saccharin after template removal by calcination and water extraction are 
shown in Figure 1-1 and Figure 1-2, respectively. At saccharin content ranging from 20 
to 60 wt%, the isotherms have similar features. According to the IUPAC classification,30 
these isotherms are typical type IV isotherms (as shown in Figure 1-3), which are 
characteristic of mesoporous materials. They have a characteristic hysteresis loop at 
around 0.4-0.8 P/P0, which is associated with capillary condensation in mesoporous 
structure. While the control samples, i.e., 0 wt% of template, only shows a curve very 
close to the baseline, which would be the materials with microporous structure. With 
increasing concentration of saccharin from 20 to 50 wt%, the H2 hysteresis loop (as 
shown in Figure 1-4) becomes greater in magnitude. It is also noted that, in Figure 1-2, 
which is for materials after water extraction, it is more obvious that the H2 hysteresis 
loop shifts to the right side with the increasing template content. But the loop drops down 
for the 60 wt% sample in both cases. It is noted that at high saccharin concentrations, it 
became harder to obtain homogeneous, crack-free samples. When 60 wt% of saccharin 
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was added, the gel turned a bit cloudy after drying. This could indicate a small amount of 
phase separation, which could be the reason that the H2 hysteresis loop drops a little bit 
for Sac 60 sample. This observation agrees with pore volume data very well. 
Figure 1-5 shows the pore size distributions of samples Sac 20-60, template 
removed by calcination at 550 °C for three hours, in which differential volume is plotted 
against pore size for the desorption branches of the N2 sorption isotherms according to 
the BJH method with the Halsey equation.31  The silica matrices possess narrowly 
distributed mesopores centered at about 3.2 to 3.8 nm, and the pore diameter increases 
when the saccharin content increases from 20 to 60 wt%. The BJH pore size distribution 
results of samples Sac 20-60, template removed by water extraction, are shown in Figure 
1-6. With the saccharin contents of 20-40 wt%, the silica matrices possess narrowly 
distributed mesopores centered at about 3.2 to 3.4 nm. When the saccharin content was 
increased to 50 and 60 wt%, the pore distribution becomes slightly broader and pore 
diameters were centered at about 4.0 to 4.5 nm. Larger pores were obtained with water 
extraction. This shows again that the high temperature calcination might have caused 
some pore contraction and pore collapse, which resulted in the loss of porosity. 
The composition of aspartame templated silica materials and the pore parameters 
of the mesoporous silica are summarized in Table 1-2. Since aspartame only slightly 
dissolves in water (it dissolves best when pH is ~2), the template was only removed by 
calcination at 550 °C for three hours. The silica materials exhibit a relatively large pore 
volume up to 0.4 cm3g-1, and surface area up to 616 m2g-1. As the aspartame 
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concentration increases, the pore volume and surface area tend to increase. However, 
pore diameter only increased slightly from 23 Å to 27 Å when template content changed.   
The typical isotherms of silica with various amounts of aspartame (Asp-Phe 
methyl ester) after template removal by calcination are shown in Figure 1-7 (labeled as 
ester 20-60). The 20 wt% sample exhibits reversible type I isotherms, which are typical 
of the xerogels with microporous structure. With increasing concentration of aspartame, 
the N2 sorption isotherms gradually transform from reversible type I to the isotherms that 
resemble type IV with H2 hysteresis. The H2 hysteresis loop becomes greater in 
magnitude when the template content was increased from 30 to 60 wt%. The loops are at 
around 0.4-0.6 P/P0. Figure 1-8 shows the BJH pore size distributions of aspartame 
samples (labeled as ester 20-60). With the ester contents of 20-60 wt%, the silica matrices 
possess mesopores centered at about 3.2 to 3.4 nm. The pore diameter slightly increases 
with the aspartame content. This might be attributed to the bottle neck blocking effect  
since the mesopores inside the silica matrices may have a structure similar to 
interconnected narrow-necked ink bottle shape. 
The investigation with aspirin (acetylsalicylic acid) did not result in any 
mesoporous materials. The transparent, colorless gel could form after two weeks or so for 
all various amounts of template, however, the gel decomposed during the drying process, 
long needle-like shiny crystals were observed instead of silica monolith. Therefore, 
aspirin cannot make a good template to synthesize mesoporous materials. 
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1.3.2. Sublimable Organic Compounds and Some Similar Structures 
Various amounts of camphor, camphorsulfonic acid (CSA), naphthalene, p-
dichlorobenzene, hexachloroethane, phenol, hydroquinone, and 1,2,4-benzenetriol were 
added into prehydrolyzed TEOS or TBT sol to yield 0-60% by weight of templates in the 
final dry gel products. In most cases, transparent and glassy template-containing silica 
monoliths could be obtained after gelation and drying in the fume hoods for up to one 
month. Generally, transparent colorless silica samples and colorful titania samples were 
obtained after the sol-gel process. However, not all of the chosen compounds can form 
transparent gels. For some templates, at high concentrations, the samples sometimes 
broke into smaller, but still transparent and crack-free pieces during the drying process. 
Phase separation was observed for some high template content samples, usually 50% and 
60% content samples. The gel forming ability for the compounds investigated are listed 
below:  
1) Camphor in TEOS: transparent gels were obtained with 15-60 wt% template. 
2) CSA in TEOS: transparent, orange yellow colored gels were obtained with 15-
60 wt% template. 
3) Naphthalene in TEOS: a phase separation occurred for 50 and 60 wt% samples 
during drying, and transparent, crack-free gels for all the lower concentrations. 
4) p-dichlorobenzene in TEOS: transparent gels were obtained with 15-60 wt% 
template. 
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5) Hexachloroethane in TEOS: transparent gels were obtained with 15-40 wt% 
template, and for 50 and 60 wt%, the sol mixtures did not gel in two months. 
6) Phenol in TEOS: transparent, light yellow gels were obtained with 15-60 wt% 
template. 
7) Phenol in TBT: orange to dark red gels were obtained with 20-60 wt% template. 
8) Hydroquinone in TEOS: gels were only obtained with 15 wt% sample, and 
phase separation occurred for other concentrations. 
9) Hydroquinone in TBT:  black shiny monoliths were obtained with 20-60 wt% 
samples, however, some phase separation was observed during drying as crystals 
appeared on the surface of the hard disks when concentration is higher than 40%. 
10) 1,2,4-benzenetriol in TEOS: phase separation during drying for all the 
samples. 
11) 1,2,4-benzenetriol in TBT: some black precipitate observed after adding 
template solution to TBT sol; after drying, opaque black monoliths were obtained. 
By comparing the gel forming capability of phenol, hydroquinone, and 1,2,4-
benzenetriol, it seems that the hydrogen-bonding is not the most important factor to 
determine if an organic compound can function as pore structure directing agent. Each of 
the three compounds have one more –OH group than the previous one, but the one with 
the most –OH groups (1,2,4-benzenetriol) was not able to form homogeneous gels with 
TEOS precursor. 
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The sample-containing vials were then placed in a vacuum oven and kept at room 
temperature. For the sublimable samples, they were grounded into fine powder, and 
divided into several batches for different template removal methods study. In the first 
method, the samples were kept at room temperature in a vacuum oven for up to one 
month. The weight of samples was frequently checked to monitor the template loss. 
Three other methods were also investigated: 1) heating in an oven at 200 ºC for 3 hours; 2) 
calcination at 550 ºC for 3 hours; 3) removal by solvent extraction. Pore parameters were 
compared for the different template removal methods. Generally, the silica materials 
exhibited a large pore volume up to 0.8 cm3g-1, and a high BET surface area up to 1200 
m2g-1. The pore volume and BET surface area tend to increase with the increased 
template concentration. However, pore diameters did not change significantly with 
increased template concentration. They were in the range of 2-3 nm.  
The composition of phenol templated silica materials and the pore parameters of 
the silica materials are summarized in Table 1-3. Three methods were used to remove 
phenol template: 1) heating at 200 ºC for 3 hours; 2) calcination at 550 ºC for 3 hours; 3) 
ethanol extraction. As the phenol concentration increases, the surface area and pore 
volume tend to increase. By comparing the data in Table 1-3, one can see that solvent 
extraction provides materials with the highest surface area and pore volume, for the same 
template content. Calcination at 550 ºC resulted in the lowest surface area and pore 
volume. This is because high temperature causes some pore contraction and pore collapse, 
which results in the loss of porosity. For example, sample phenol50 has 50% template by 
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weight before template removal; after ethanol extraction, the material has 853 m2g-1 
surface area, 0.490 cm3g-1 pore volume, But after calcination at 550 ºC for 3 hours, the 
material has only 348 m2g-1 surface area, 0.188 cm3g-1 pore volume. The results from 
materials heated at 200 ºC for 3 hours were in between, better than that of materials 
calcinated at 550 ºC. This kind of phenomenon applies to the whole series of materials 
made using the phenol template.  
The composition of the camphor templated silica materials and the pore 
parameters of the silica materials are summarized in Table 1-4. Four methods were used 
to remove camphor template: 1) heating at 200 ºC for 3 hours; 2) calcination at 550 ºC for 
3 hours; 3) ethanol extraction; 4) storage in vacuum oven at room temperature for a 
prolonged time (over a month). As the camphor concentration increases, the surface area 
and pore volume tend to increase. By comparing the data, one can easily see that solvent 
extraction provides materials with the highest surface area and pore volume, again. And 
heating at 200 ºC was the second best, which afforded higher surface area and pore 
volume than calcination at 550 ºC. This again shows that high temperature caused some 
pore contraction and pore collapse, which results in the loss of porosity. For example, 
sample camphor60 has 60% template by weight before template removal; after ethanol 
extraction, the material has 861 m2g-1 surface area, 0.479 cm3g-1 pore volume; after 
heating at 200 ºC for 3 hours, the material has 719 m2g-1 surface area, 0.402 cm3g-1 pore 
volume. But after calcination at 550 ºC for 3 hours, the material has only 431 m2g-1 
surface area, 0.224 cm3g-1 pore volume.  This phenomenon applies to the whole series of 
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materials. For samples kept in vacuum oven at room temperature, the surface area and 
pore volume also increased with the template concentration. Compared to the other 
template removal methods, the values were relatively low. This could be attributed to 
incomplete template removal at low temperature.  
Camphorsulfonic acid (CSA) was chosen because it is a derivative of camphor. 
Transparent monoliths, from light yellow, yellow red, to dark red were obtained. Some 
crystals were observed on the surface of hard disks, when CSA concentration was higher 
than 40% by weight. This indicates a little phase separation. Since CSA is not a 
sublimable compound, the common template removal methods were used, i.e., high 
temperature calcination and solvent extraction. The composition of the camphor 
templated silica materials and the pore parameters of the silica materials are summarized 
in Table 1-5. As the CSA concentration increases, the surface area and pore volume tend 
to increase. Solvent extraction resulted in higher surface area and pore volume again. 
Though both methods could remove CSA template completely, high temperature 
calcination could cause some pore contraction and pore collapse, which results in the loss 
of porosity.  
The typical isotherms of silica with various amounts of CSA after template 
removal by ethanol wash are shown in Figure 1-9. The CSA 0-30 samples exhibit 
reversible type I isotherms, which are usually of the xerogels with microporous structure. 
With increasing concentration of CSA, the N2 sorption isotherms gradually transform 
from reversible type I to the isotherms that resemble type IV with H2 hysteresis. The H2 
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hysteresis loop becomes greater in magnitude when the template content was increased 
from 40 to 60 wt%. The loops are at around 0.4-0.6 P/P0. Figure 1-10 shows the BJH 
pore size distributions of CSA 15, 40, and 50 samples after template removal by ethanol 
wash. The silica matrices possess mesopores centered at about 3.0 nm.  
The composition of the p-dichlorobenzene templated silica materials and the pore 
parameters of the silica materials are summarized in Table 1-6. Template was removed 
by heating at 200 ºC for 3 hours. As the template concentration increases, the surface area 
and pore volume tend to increase. The silica materials exhibit a large pore volume up to 
0.55 cm3g-1, and a high BET surface area up to 980 m2g-1.  
The composition of the naphthalene templated silica materials and the pore 
parameters of the silica materials are summarized in Table 1-7. Three methods were used 
to remove naphthalene template: 1) heating at 200 ºC for 3 hours; 2) storage in vacuum 
oven at room temperature for over a month; 3) ethanol extraction. As the naphthalene 
concentration increases, the surface area and pore volume tend to increase. Phase 
separation occurred when template content was higher than 40 wt%. Solvent extraction 
again provided materials with highest surface area and pore volume. For samples kept in 
a vacuum oven at room temperature, they had similar pore parameters to those heated at 
200 ºC, with slightly higher values for surface area and pore volume. Because of the 
sublimable property, naphthalene template could be completely removed by vacuum 
treatment at room temperature. The surface area and pore volume also increased with the 
template concentration.  
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The typical isotherms of silica with various amounts of sublimable organic 
compounds after template removal are shown in Figure 1-11. Though these isotherms are 
exemplified by phenol samples, template removal by ethanol wash, other silica samples 
from small organic compounds tested, such as camphor, dichlorobenzene, naphthalene, 
etc., showed similar features regardless of template removal methods. They exhibit 
reversible type I isotherms, which are usually of the xerogels with microporous structure. 
With increasing concentration of template, the intensity of N2 sorption isotherms varies. 
Figure 1-12 shows the BJH pore size distributions exemplified by phenol samples. Again, 
other samples’ BJH pore size distribution curves are quite similar. The silica matrices 
possess mesopores centered at about 2.8 to 3.5 nm.  However, they do not show a high t-
plot peak. This might be attributed to limited amounts of pores.  
Small angle powder X-ray diffraction was used to study the pore structures. The 
measurement obtained with low angle XRD reflects all interfacial situations, including 
closed porosity, which is not accessible to adsorption techniques. Approximated as the 
repeating distance in the porous materials, the sum of a pore diameter and a pore wall 
thickness can be estimated base on the d spacing calculated from the Bragg’s equation:      
                                            θ
λ
sin2
nd =     
All the mesoporous silica materials exhibited similar powder XRD profile with 
some variation in the peak intensity, which is exemplified by samples ester-40 and Sac-
50 in Figure 1-13. A broad shoulder peak was observed at the low angle range, which is 
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characteristic of the disordered worm-like mesoporous silica. This intense peak is 
associated with a d spacing of 6.3 nm (n=1, λ=1.542, CuKα source, 2θ=1.32). In the 
worm-like porous structure, d spacings obtained from powder XRD could be 
approximated as the repeating distance from one layer of silica wall to the next layer of 
silica wall crossing a mesopore space. 
The porous structure of the silica matrices was further studied using transmission 
electron microscopy (TEM). Representative TEM micrographs of the mesoporous silica 
sample Sac-40 after template removal by water wash are shown in Figure 1-14. From the 
images of a thin section of ground sample, interconnected worm-like channels and pores 
with regular diameters can be clearly observed, which is typical of the disordered 
mesoporous silica materials prepared via the nonsurfactant pathway. High resolution 
TEM images obtained showed some structures with diameters in a few nanometers, 
which might be from the pores inside the silica. 
Figure 1-15 exemplifies the FT-IR spectra of the titania materials with increasing 
template content. Figure 1-15a shows IR spectra of titania with various amounts of 
phenol; Figure 1-15b shows IR spectra of titania with various amounts of hydroquinone 
as template. By comparison of the spectra series, one can see some noticeable changes in 
the 1600-1500 cm-1 and 700-600 cm-1 regions. With the increasing content of templates, 
these changes become more noticeable. These regions correspond to aromatic C=C 
stretching vibrations and C-H bending vibrations, respectively, which indicates the 
increasing content of template in the sample series.  
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Figure 1-16 shows the FT-IR spectra of the silica materials with sublimable 
template compounds after kept in a vacuum oven for one month. Figure 1-16a shows IR 
spectra of silica with various amounts of p-dichlorobenzene; Figure 1-16b shows IR 
spectra of silica with various amounts of naphthalene as template. The spectra series did 
not show any visible changes in the C=C or C-H vibration regions. All the spectra show 
the typical absorption bands as those in pure silica, which indicates that the template 
compounds have been completely removed. The complete removal of template from 
silica matrix was also evidenced by the fact that calcination of these silica materials to 
750 °C shows no appreciable weight loss in the TGA measurements. 
For most of the compounds investigated as templates, the silica materials prepared 
exhibited a large pore volume up to 0.8 cm3g-1, and a high BET surface area up to 1200 
m2g-1. The pore volume and BET surface area tended to increase with the increased 
template concentration. For the sublimable compounds, high BET surface area and pore 
volume could be obtained at low temperature, such as 200 ºC, and even room temperature. 
However, pore diameters did not change significantly with the increased template 
concentration. They were in the range of 2-3 nm. This may also be attributed to the 
sublimable properties of the compounds. These compounds keep escaping from the silica 
matrix during the sol-gel process and drying process. Before the template removal 
procedure, a certain amount of template had already sublimed and escaped from the silica 
matrix, and sublimation at low temperature is a slow process. Because of the gradual 
removal of the template from the silica matrix, the average pore diameter is relatively 
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unaffected, while both BET surface area and pore volume increased along with the 
template content. This observation agrees with the thermal sensitive compounds, e.g., 
benzoin, studied in our group under similar methods.32 These molecules expanded the 
range of organic compounds that can act as template, and also provide further 
understanding of the mechanism of nonsurfactant templated pathway.  
For other compounds investigated as possible template, their pore parameters are 
not listed in tables, either because no gels were formed or because the pore parameters 
did not show any relation to the template content increase. For example, with 
hexachloroethane, clear, transparent, crack-free hard disks were formed after gelling and 
drying, however, the pore parameters did not resemble that of the nonsurfactant templates 
reported by our group. The surface area was 384, 397, 371 m2g-1 for template content 40, 
30, 15 wt%, respectively. The data did not show a relationship to the template content 
increase. This might be attributed to the sublimable property; the template loss during the 
preparation process and drying process could be quite significant, so that in the final dry 
gels, the real template content might differ a lot from the designed amount. However, this 
phenomenon only applies to a few compounds.  
 
1.4. Conclusions 
In summary, we have found that sugar substitutes, like saccharin and aspartame, 
can work as good templates for mesoporous silica materials. Also, a few sublimable 
compounds, such as camphor, p-dichlorobenzene and naphthalene, can be used as a new 
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type of template, which can be efficiently removed with a relatively low temperature 
treatment at 200 ºC, or even at room temperature. Removal of the template compounds 
provided the silica material with large surface area and pore volume. The pore structure 
can be tuned by the template content. This study expanded the range of nonsurfactant 
templates to some new types of compounds. Sublimable compounds that can function as 
structure directing agents provide opportunities for low temperature treatment. This mild 
low temperature synthetic route to prepare mesoporous sol-gel materials may offer new 
applications for mesoporous silica materials when the harsh template removal methods 
(high temperature treatment or repeated solvent extraction) are not desirable, such as 
biological applications wherein mild conditions are required.  
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Table 1-1. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 20-60 wt% saccharin after template removal. 
 
Sample Code BET surface 
area (m2g-1) 
Pore volume
(cm3g-1) 
DBJHc
(Å) 
DBETd 
(Å) 
Micropore vol.  
(cm3g-1) 
Sac60-H2Oa 558 0.686 46.5 49.2 - 
Sac50-H2O 697 0.784 43.8 45.0 - 
Sac40-H2O 703 0.671 39.4 38.2 - 
Sac30-H2O 694 0.527 28.2 30.4 - 
Sac20-H2O 675 0.465 27.1 27.5 0.004 
      
Sac60-550b 383 0.398 41.4 41.6 - 
Sac50-550 484 0.431 38.4 35.6 - 
Sac40-550 487 0.390 34.5 32.0 - 
Sac30-550 406 0.290 31.7 28.6 - 
Sac20-550 393 0.256 27.5 26.1 - 
 
aThe numerical figure in the sample code denotes the template concentration (wt%) in the materials before 
template removal, H2O denotes the template removal method is water extraction. b The initial numerical 
figure in the sample code denotes the template concentration (wt%) in the materials before template 
removal and 550 denotes the calcination temperature.  c Average pore diameter calculated from 4V/A, 
where V is the total pore volume and A is the BET surface area. d Average pore diameter calculated from 
BJH desorption branch of the isotherms. 
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Table 1-2. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 20-60 wt% aspartame (Asp-Phe methyl ester) after template removal. 
 
Sample Codea BET surface 
area (m2g-1) 
Pore volume 
(cm3g-1) 
DBJHb
(Å) 
DBETc 
(Å) 
Micropore vol.  
(cm3g-1) 
ester 60-550 616 0.395 26.5 25.6 0.0382 
ester 50-550 585 0.375 26.8 25.7 0.0374 
ester 40-550 589 0.359 24.7 24.4 0.0402 
ester 30-550 547 0.312 24.0 22.8 0.0789 
ester 20-550 364 0.210 25.9 23.1 0.0837 
 
a The numerical figure in the sample code denotes respectively the template concentration (wt%) in the 
materials before template removal and the calcinations temperature. b Average pore diameter calculated 
from 4V/A, where V is the total pore volume and A is the BET surface area. c Average pore diameter 
calculated from BJH desorption branch of the isotherms. 
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Table 1-3. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 0-60 wt% phenol after template removal. 
 
Sample Code BET surface 
area (m2g-1) 
Pore volume 
(cm3g-1) 
DBJHc
(Å) 
DBETd 
(Å) 
Micropore vol. 
(cm3g-1) 
phenol60-200a 489 0.277 22.5 22.7 0.164 
phenol50-200 478 0.264 22.2 22.1 0.166 
phenol40-200 435 0.247 23.0 22.7 0.142 
phenol30-200 419 0.239 24.8 22.8 0.167 
phenol15-200 319 0.176 20.1 22.0 0.147 
phenol0-200 241 0.147 26.2 24.3 0.106 
      
phenol60-550 356 0.202 22.4 22.7 0.1041 
phenol50-550 348 0.188 20.5 21.6 0.1096 
phenol40-550 313 0.175 22.0 22.4 0.0953 
phenol30-550 290 0.164 24.7 22.6 0.1148 
phenol15-550 105 0.0675 25.5 25.6 0.0305 
      
phenol60-EtOHb 739 0.418 24.9 22.6 0.180 
phenol50-EtOH 853 0.490 22.6 23.0 0.232 
phenol40-EtOH 641 0.368 23.6 23.0 0.196 
phenol30-EtOH 734 0.414 23.2 22.5 0.271 
phenol15-EtOH 480 0.270 21.2 22.5 0.209 
phenol0-EtOH 385 0.214 22.1 22.2 0.185 
 
a The numerical figure in the sample code denotes the template concentration (wt%) in the materials before 
template removal and the calcination temperature. b The numerical figure in the sample code denotes the 
template concentration (wt%) in the materials before template removal, ETOH denotes the template 
removal method is ethanol extraction.  c Average pore diameter calculated from 4V/A, where V is the total 
pore volume and A is the BET surface area. d Average pore diameter calculated from BJH desorption 
branch of the isotherms. 
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Table 1-4. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 0-60 wt% camphor after template removal. 
 
Sample Code BET surface 
area (m2g-1) 
Pore volume 
(cm3g-1) 
DBJHc
(Å) 
DBETd 
(Å) 
Micropore vol. 
(cm3g-1) 
camphor60-200a 719 0.402 21.9 22.3 0.272 
camphor50-200 592 0.340 22.8 22.9 0.237 
camphor40-200 672 0.384 22.8 22.9 0.293 
camphor30-200 565 0.317 23.7 22.4 0.232 
camphor15-200 425 0.242 25.8 22.8 0.200 
camphor0-200 250 0.146 28.3 23.4 0.110 
      
camphor60-550 431 0.224 17.9 20.8 0.191 
camphor50-550 345 0.204 23.5 23.6 0.147 
camphor40-550 409 0.229 20.8 22.4 0.188 
camphor30-550 359 0.197 21.1 22.0 0.158 
camphor15-550 187 0.107 25.2 22.8 0.087 
      
camphor60-EtOHb 861 0.479 24.5 22.3 0.275 
camphor50-EtOH 880 0.500 23.2 22.7 0.305 
camphor40-EtOH 695 0.394 23.8 22.7 0.280 
camphor30-EtOH 804 0.435 20.4 21.7 0.313 
camphor15-EtOH 422 0.230 20.2 21.8 0.199 
camphor0-EtOH 339 0.205 24.3 24.1 0.162 
      
camphor60-RT 393 0.225 22.2 22.9 0.128 
camphor50-RT 353 0.203 20.3 23.0 0.126 
camphor30-RT 331 0.192 23.3 23.2 0.118 
camphor0-RT 137 0.084 24.3 24.7 0.059 
 
a The numerical figure in the sample code denotes the template concentration (wt%) in the materials before 
template removal and the calcination temperature, RT denotes room temperature. b The numerical figure in 
the sample code denotes the template concentration (wt%) in the materials before template removal; EtOH 
denotes the template removal method is ethanol extraction.  c Average pore diameter calculated from 4V/A, 
where V is the total pore volume and A is the BET surface area. d Average pore diameter calculated from 
BJH desorption branch of the isotherms. 
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Table 1-5. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 20-60 wt% camphorsulfonic acid (CSA) after template removal. 
 
Sample Code BET surface 
area (m2g-1) 
Pore volume 
(cm3g-1) 
DBJHc
(Å) 
DBETd
(Å) 
Micropore vol.  
(cm3g-1) 
csa60-550a 904 0.542 23.3 24.0 0.0082 
csa50-550 957 0.539 21.9 22.5 0.0332 
csa40-550 789 0.423 20.8 21.4 0.207 
csa30-550 804 0.446 22.3 22.2 0.0791 
csa15-550 501 0.282 22.3 22.6 0.217 
      
csa60-EtOHb 1268 0.814 24.7 25.7 - 
csa50-EtOH 1151 0.672 23.4 23.3 - 
csa40-EtOH 613 0.341 24.5 22.2 0.248 
csa30-EtOH 1249 0.682 23.0 21.8 0.224 
csa15-EtOH 1084 0.593 22.2 21.9 0.0341 
csa0-EtOH 310 0.183 21.7 23.6 0.141 
 
a The numerical figure in the sample code denotes the template concentration (wt%) in the materials before 
template removal and the calcination temperature. b The numerical figure in the sample code denotes the 
template concentration (wt%) in the materials before template removal, EtOH denotes the template removal 
method is ethanol extraction.  c Average pore diameter calculated from 4V/A, where V is the total pore 
volume and A is the BET surface area. d Average pore diameter calculated from BJH desorption branch of 
the isotherms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
36
 
Table 1-6. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 15-60 wt% p-dichlorobenzene after template removal. 
 
Sample Codea BET surface 
area (m2g-1) 
Pore volume 
(cm3g-1) 
DBJHb
(Å) 
DBETc 
(Å) 
Micropore vol. 
(cm3g-1) 
Chlorobenzene60-200 980 0.548 23.0 22.4 0.459 
Chlorobenzene50-200 672 0.384 22.8 22.9 0.293 
Chlorobenzene40-200 484 0.283 20.4 23.4 0.209 
Chlorobenzene30-200 385 0.218 21.1 22.7 0.164 
Chlorobenzene15-200 359 0.199 23.1 22.1 0.143 
 
a The numerical figures in the sample code denote, respectively, the template concentration (wt%) in the 
materials before template removal and the heating temperature. b Average pore diameter calculated from 
4V/A, where V is the total pore volume and A is the BET surface area. c Average pore diameter calculated 
from BJH desorption branch of the isotherms. 
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Table 1-7. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 15-40 wt% naphthalene after template removal.  
 
Sample Code BET surface 
area (m2g-1) 
Pore volume 
(cm3g-1) 
DBJHc
(Å) 
DBETd
(Å) 
Micropore vol.  
(cm3g-1) 
Na40-200a 521 0.292 23.0 22.4 0.223 
Na30-200 292 0.159 21.4 21.8 0.140 
Na15-200 319 0.177 20.7 22.2 0.139 
      
Na40-RT 542 0.315 22.6 23.2 0.214 
Na30-RT 361 0.206 22.0 22.8 0.157 
Na15-RT 327 0.194 19.7 23.7 0.138 
      
Na40-EtOHb 627 0.354 22.5 22.6 0.257 
Na30-EtOH 465 0.270 22.7 23.2 0.210 
Na15-EtOH 418 0.227 19.4 21.7 0.186 
  
a The numerical figure in the sample code denotes the template concentration (wt%) in the materials before 
template removal and the calcination temperature; RT denotes room temperature. b The numerical figure in 
the sample code denotes the template concentration (wt%) in the materials before template removal, EtOH 
denotes the template removal method is ethanol extraction.  c Average pore diameter calculated from 4V/A, 
where V is the total pore volume and A is the BET surface area. d Average pore diameter calculated from 
BJH desorption branch of the isotherms. 
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Figure 1- 1. Nitrogen adsorption-desorption isotherms at -196 °C for porous silica 
samples prepared with various amounts of saccharin after template removal by heating at 
550 °C. 
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Figure 1- 2. Nitrogen adsorption-desorption isotherms at -196 °C for porous silica 
samples prepared with various amounts of saccharin after template removal by water 
extraction. 
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Figure 1- 3. IUPAC classification of physisorption isotherms.30  
I). Reversible isotherms are typical in microporous solids with relatively small external 
surfaces. Monolayer adsorption occurs significantly at relatively low partial pressures < 
0.5 P/P0. II). Reversible isotherms describe the gas sorption with a non-porous or 
macroporous solid in which multi-layer adsorption forms due to a strong interaction 
between adsorbed molecules. III). Reversible isotherms are convex towards the relative 
pressure axis. This type of isotherm originates from both non-porous and microporous 
solid. These isotherms are characteristic of weak adsorbate-adsorbent interactions. IV). 
Isotherms exhibit a plateau with a characteristic hysteresis loop. The presence of 
hysteresis loops is associated with mesoporous solid, where capillary condensation 
occurs. V). Isotherms are related to the Type III isotherms in that the adsorbate-adsorbent 
interactions are weak. Type V isotherms are usually obtained from microporous or 
mesoporous solids. VI). Isotherms are stepwise, which represent multilayer adsorption on 
a uniform non-porous surface. 
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Figure 1- 4. IUPAC classification of hysteresis loops. 30 
1) H1 loop is often associated with pores with regular shape and narrow size distribution.  
2) H2 loop used to be attributed to ink-bottle pores, which have narrow necks and wide 
body. Now it has been well recognized that network effect also play an important role in 
the loop formation.  
3) H3 loop is observed with aggregates of plate-like particle giving rise to slit-shape 
pores.  
4) H4 loop is usually associated with narrow slit-like pores. 
 
 
 
 
  
42
 
0.00
0.02
0.04
0.06
0.08
0.10
0.12
15 25 35 45 55 65 75
Pore Diameter (Å)
dV
/d
D 
(c
m
 3 g
-1
Å 
-1
)
Sac 20
Sac 30
Sac 40
Sac 50
Sac 60
 
Figure 1- 5. BJH pore size distributions obtained from the nitrogen desorption isotherms 
at -196 °C for porous silica samples prepared with various amounts of saccharin after 
template removal by heating at 550 °C. 
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Figure 1- 6. BJH pore size distributions obtained from the nitrogen desorption isotherms 
at -196 °C for porous silica samples prepared with various amounts of saccharin after 
template removal by water extraction. 
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Figure 1- 7. Nitrogen adsorption-desorption isotherms at -196 °C for porous silica 
samples prepared with various amounts of aspartame (Asp-Phe methyl ester) after 
template removal by heating at 550 °C. 
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Figure 1- 8. BJH pore size distributions obtained from the nitrogen desorption isotherms 
at -196 °C for porous silica samples prepared with various amounts of aspartame (Asp-
Phe methyl ester) after template removal by heating at 550 °C. 
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Figure 1- 9. Nitrogen adsorption-desorption isotherms at -196 °C for porous silica 
samples prepared with various amounts of camphorsulfonic acid (CSA) after template 
removal by ethanol wash. 
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Figure 1- 10. BJH pore size distributions obtained from the nitrogen desorption isotherms 
at -196 °C for porous silica samples prepared with various amounts of camphorsulfonic 
acid (CSA) after template removal by ethanol wash. 
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Figure 1- 11. Nitrogen adsorption-desorption isotherms at -196 °C for porous silica 
samples prepared with various amounts of phenol after template removal by ethanol wash. 
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Figure 1- 12. BJH pore size distributions obtained from the nitrogen desorption isotherms 
at -196 °C for porous silica samples prepared with various amounts of phenol after 
template removal by ethanol wash. 
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Figure 1- 13. Representative low angle powder XRD patterns for the mesoporous silica 
samples: Ester-40 (top), Sac-50 (bottom). 
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Figure 1- 14. Representative TEM images of mesoporous silica sample Sac-40 after 
template removal by water wash. 
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Figure 1- 15. IR spectra of titania with various amounts of a) phenol and b) hydroquinone 
as templates. 
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Figure 1- 16. IR spectra of silica with various amounts of a) p-dichlorobenzene and b) 
naphthalene as template after one month in vacuum oven. 
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Chapter 2. Controlled Release of Antibiotics Encapsulated in Porous Sol-Gel Silica 
Materials with Tunable Pore Parameters 
 
 
2.1. Introduction 
While new drug discovery remains a high priority in pharmaceutical industries, 
research on innovative drug delivery methodologies is also drawing comparable attention.  
Successful delivery technology can ensure full use of the drugs with higher efficiency, 
longer duration, and less side effects.  Economic consideration is also a driving force for 
the research of high performance drug delivery systems.  Now drug delivery is one of the 
fastest-growing segments of the pharmaceuticals market.1  New drug delivery methods 
aim at the development of capabilities of delivering precise quantities of a drug at the 
right time and as close as possible to the treatment site.  Biomaterials suitable for local 
delivery are nowadays one of the most important topics in medical research.  A local 
release system of drugs has some advantages.  It could decrease the risks of systemic 
toxicity and side effects associated with oral and parenteral therapies, and higher drug 
concentrations in the desired area could be achieved to improve the efficacy of the 
treatment. 
Interest in controlled release has grown greatly and rapidly.  Controlled release 
corresponds to the control in time and space of the biological effects of drugs.  The ideal 
controlled release system is the one which can release drugs in a controlled manner and 
has a long enough time span to provide optimum effectiveness of the drugs, thus to 
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minimize adverse reactions, or to maximize efficacy.  This objective may be achieved by 
control of diffusion, reaction rates or other physicochemical parameters by using some 
rate-controlling materials.  There are a number of mechanisms that provide timed release 
of drugs, such as microencapsulation, transdermal patches and implants.2  Sustained drug 
delivery provides the same medicinal effect with higher efficiency, longer duration, and 
less side effects than traditional delivery methods.  
A variety of materials have been studied as drug carriers.  The desired carriers 
should be able to reduce the toxicity of drugs, increase their absorption, and/or improve 
their release profile.  In recent years, numerous polymeric carriers and controlled release 
systems have been developed.3  Biodegradable and bioerodible polymers with nontoxic 
degradation products have been well studied as drug delivery systems.4-6  One drawback 
is the possible damage that could be done to the loaded drug caused by the exothermic 
polymerization reaction.  Sol-gel derived glasses have also been studied extensively in 
the past decade as controlled release materials.7-14  The sol-gel materials could be used to 
host various synthetic or natural therapeutic agents for controlled delivery applications. It 
was shown that these materials are biocompatible in vivo.  The materials cause no 
adverse tissue reactions and degrade into Si(OH)4, which is eliminated from the body 
through the kidneys.15  The drug molecules are simply entrapped within the silica matrix 
with no chemical bonding and remain in a biologically active form.  The release is 
achieved through the dissolution and diffusion of the drug molecules from the sol-gel 
matrix.  As soon as released, the drug can immediately exert its effect upon the body.  It 
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has been reported that the bactericidal effect of antibiotics is retained upon their release 
from silica materials.16,17  Its biological effect is the same as that when used alone and 
could be predicted based upon its release rate.  So far these materials have been found to 
be very promising in bone therapies.18-20  Because of poor blood circulation in bone tissue, 
systemic antibiotic administration often can not provide efficient concentration to control 
infection.  It was found that sol-gel synthesis parameters, such as pH of the sol, 
water/alkoxide molar ratio, and drug concentration, have an effect on the drug release 
rate.14,17  The silica matrix delivery approach also provides a sustained delivery.  The 
release of the drug to the physiological environment is extended over a longer period than 
if the drug is used in its native form.  However, most of these sol-gel materials are 
microporous with typical pore sizes smaller than 1.5 nm and have a very broad pore size 
distribution. 
In 1998, we reported a novel, low cost, environment friendly, biocompatible, 
nonsurfactant templated method for the preparation of mesoporous, or more generally 
speaking, nanoporous materials via sol-gel reactions.21,22  By using nonsurfactant organic 
molecules as templates, mesoporous materials can be prepared under mild conditions.  In 
contrast to most of surfactant templated synthesis of mesoporous materials, the template 
removal is achieved by solvent extraction at room temperature.23  The materials usually 
have high surface areas (e.g., 1000 m2/g) and large pore volumes (e.g., 0.5-1.0 cm3/g) as 
well as controllable pore sizes in the range of 2-12 nm with a narrow size distribution.  
The pore diameters are often tunable by simply varying the template concentration.  One 
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of the most unique advantages of our nonsurfactant approach to mesoporous materials is 
its biocompatibility.  The entire preparation can be performed at room temperature and 
near neutral pH.  The nonsurfactant templates could be sugar compounds, such as glucose, 
maltose, fructose, soluble starch, and cyclodextrins, which are highly biocompatible. 
In general, the synthesis starts with the hydrolysis of inorganic precursors, e.g., 
tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS) for silica.  The 
template is then added into the sol.  Upon gelation and drying, the template-silica 
nanocomposites are obtained usually as transparent and monolithic solids.  The template 
molecules can be completely removed by solvent extraction.  The removal of the 
templates results in a mesoporous silica matrix with interconnected channels of regular 
diameters.  These channels usually do not have any discernable packing order or 
orientation.  Thus the mesoporosity is isotropic and accessible in all directions.  The pore 
parameters, such as pore size, pore volume, surface area, are adjustable to a certain extent 
by varying concentration of the template in the preparation.  Generally, the values of pore 
parameters increase with the template concentration.  The mesoporous materials prepared 
with nonsurfactant templates have been successfully used for enzyme and protein 
immobilization.24-27  The studies showed that these macromolecules could retain their 
biological activities within the mesoporous silica matrix.  Through proper design of the 
channel diameter, these incorporated macromolecules would not leach out of the matrices.  
These bioactive sol-gel materials could be used as biocatalysts and biosensors.28,29  More 
importantly, the characteristics of the tailorable physical (e.g., pore size and volume) and 
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chemical (e.g., hydrophilicity and other functionalities) structures of the nanopores could 
provide a unique system for the stabilization of proteins against denaturation and foreign 
agents such as protease.  The nanoporous matrices may also function like rigid matrix 
artificial chaperones to provide designable assistance in protein folding processes.22  
Recently, the single protein molecule that may function as a catalytic enzyme is thought 
to undergo constant unfolding-refolding conformational changes.  The catalytic activity 
measured is the average of all conformations within the measurement period.30  The 
controlled biocompatible nanoporous materials containing catalytic single protein may 
provide an excellent and unique system for studying and establishing the effect of such a 
conformational change on the bioactivity of the protein molecule because the 
conformational change depends on available space around the protein molecule. 
In this work, sol-gel silica materials with designed pore parameters were studied 
to host various antibiotics for controlled delivery applications.  Various amounts of 
fructose were used as the template to tailor the pore structure.  The in vitro release 
properties were investigated in relation to the silica pore structures.  The sol-gel synthesis 
parameters other than template concentration, such as pH of the sol, water/alkoxide molar 
ratio and drug concentration, were more or less fixed in this study to avoid further 
complication in the pore structure variations.  With certain pore sizes, an initial large 
concentration release followed by a long term steady state release was observed.  This is 
desirable for some treatment modalities.  We found that the amount of antibiotics 
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released and the rate of release were dependent on the silica nanostructure, which was 
controlled by the amount of fructose template employed in the sol-gel reactions. 
 
2.2. Experimental 
2.2.1. Materials 
Antibiotics hygromycin B, mycophenolic acid and vancomycin (vancomycin-HCl) 
were purchased from Sigma. Molecular structures of these three antibiotics are shown in 
Figure 2-1. Tetramethoxysilane (TMOS, Aldrich), poly(ethylene glycol) (PEG, Mw 600, 
Aldrich), hydrochloric acid (HCl, Fisher) and D-fructose (98%, Aldrich) were used as 
received without further purification.  Doubly distilled, deionized water was used to make 
all aqueous solutions. 
 
2.2.2. Synthesis of Mesoporous Silica Materials Loaded with Antibiotics 
Immobilization of antibiotics in silica gels was carried out by mixing antibiotic 
solution with prehydrolyzed TMOS sol.  For a typical example, at room temperature, to a 
homogeneous solution of 1.52 g of TMOS, 15 µL of 40-mM HCl, and 0.35 g of distilled 
and deionized H2O in a 10-mL glass vial, an appropriate amount of 50 wt% fructose 
aqueous solution was added under magnetic stirring.  The amounts of 50 wt% fructose 
solution were designed to yield 0-60% by weight of template in the final dry gel products.  
The sol mixture was prepared in a relatively large quantity for the convenience of 
preparing a series of samples with different concentrations.  Precisely weighed 10 mg 
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antibiotics in 1.0 mL distilled and deionized water were added into each vial in a period 
of ten minutes under stirring.  Upon completion of the dissolution, the stirring was 
continued for another 3-5 minutes, and then the stirring bar was removed.  The vial was 
then sealed with a piece of paraffin film.  Upon gelation of the system within a few 
minutes to a few hours at room temperature, 2-4 holes were pinned in the paraffin film 
with a syringe needle to allow for the evaporation of solvent and reaction by-products 
(i.e., methanol and water).  After 7 days under a fume-hood, the sample-containing vials 
were placed in a dynamic vacuum oven and dried to reach a constant weight at room 
temperature in about one week.  The silica gel samples containing both the antibiotic and 
template molecules were obtained in the form of transparent, dry, hard, and glassy disk-
like monoliths.  At high concentrations of fructose template, the samples sometimes 
broke into smaller, but still transparent and crack-free pieces during the drying process. 
PEG was also studied as the template to control the pore structure of the materials.  
The same procedures were followed as above, except fructose was replaced with the 
same amount of PEG.  The antibiotics-containing silica gel samples were obtained in the 
form of transparent, dry, hard, crack-free, and glassy monoliths.  
 
2.2.3. Instrumentation and Characterization 
Characterization of the microstructure parameters, e.g., pore size and pore size 
distribution, specific surface area, and pore volume, of the silica matrices was carried out 
with N2 adsorption-desorption isotherms at –196 ºC on a Micromeritics ASAP 2010 
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system (Norcross, GA) on the samples after completion of the releasing study.  Prior to 
measurements, the samples were degassed at 100 °C and 1 Pa for 6-7 h.  Infrared spectra 
of KBr powder-pressed pellets were recorded on a Perkin-Elmer Model 1600 FTIR 
spectrophotometer.  Thermalgravimetric analysis (TGA) was carried out with a TA Q50 
Instrument under oxygen atmosphere at a programmed heating rate of 10 °C/min.  
Transmission electron microscopy (TEM) images were taken on a JEOL 2010 TEM and 
a 4000EX TEM. 
 
2.2.4. Releasing Study 
0.01 mM Phosphate buffered saline (PBS) of pH 7.4 was used for antibiotic 
release study following the similar protocols in the literature.31  The antibiotics-
containing silica disks were immersed separately in 5-mL glass vials containing 3 mL of 
PBS and placed in a 37 °C water bath.  The disks usually cracked within a few minutes 
after immersion.  The immersion solutions were exchanged after a designed time period.  
At the end of the time period, the solution was removed totally from each vial, and 3 mL 
of fresh PBS were added in immediately.  Immersion was continued until release had 
stopped.  To confirm the releasing pattern, the procedure was repeated with two more 
independent preparations. The silica samples were also grounded into powder for the 
release study as comparisons to the disk samples, while all other conditions were kept the 
same. 
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2.2.5. Antibiotics Release Assay 
The antibiotics concentration in each elution sample was analyzed using a UV-
Vis spectrometer (Perkin Elmer, Lambda 2) at different wavelengths, namely 260, 250 
and 280 nm, respectively, for hygromycin B, mycophenolic acid, and vancomycin. 
Representative UV-Vis spectra of hygromycin B are shown in Figure 2-2, mycophenolic 
acid in Figure 2-3, and vancomycin in Figure 2-4. Antibiotics-PBS standard solutions 
were used for calibration. 
 
2.3. Results and Discussion 
2.3.1. Materials Characterization 
The as-synthesized sol-gel silica materials loaded with template and antibiotic 
molecules were transparent, glassy disks with a typical dimension of 8 mm in diameter 
and 3-8 mm in thickness and a weight of 0.7-1.7 g depending on the fructose content.  
The good optical transparency indicates that the template and antibiotics molecules were 
homogeneously distributed within the silica without macroscopic phase separations.  The 
synthesis of silica-template-antibiotics composite has been achieved under mild 
conditions, such as at room temperature and low acidity, which should not cause 
denaturation and damage of bioactive molecules.  When the silica biogels were immersed 
into PBS solution, they usually cracked into several smaller pieces, which is typical of 
bulk sol-gel materials. 
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Figure 2-5 shows some representative FT-IR spectra of the silica materials with 
increasing template content. FT-IR spectral series of the materials loaded with 10 mg of 
each antibiotics were similar to those in Figure 2-5.  The bottom spectrum in Figure 2-5 
is from the sample without fructose template but loaded with 10 mg antibiotics, which is 
the same as the IR spectrum of pure silica.  Incorporation of a very small amount (i.e., 10 
mg) of antibiotics did not show any appreciable effect on the spectral features.  In 
contrast, as the template concentration is increased, the spectra exhibit some noticeable 
changes in the 2900-2800 cm-1, 1500-1400 cm-1 and the 820-780 cm-1 regions.  With 
increasing template content, these changes become more significant.  These regions 
correspond to aliphatic C-H bending and stretching vibrations of the fructose molecules.  
Hence, these vibration bands are indicative of the presence and content of fructose 
template in the sample series.  
Figure 2-6 shows the FT-IR spectra of the same silica materials as in Figure 2-5, 
but after the drug release study.  The spectral series do not show any discernable 
absorption in the the 2900-2800, 1500-1400 and the 820-780 cm-1 regions as observed 
earlier in Figure 2-5.  All the spectra show the typical absorption bands as those in pure 
silica, which indicates that all fructose template has been completely removed during the 
drug release studies.  The complete removal of fructose template from the silica matrices 
is further evidenced by the fact that calcination of all the silica materials after the drug 
release study to 750 °C shows no appreciable weight loss in the TGA measurements.  
These observations indicate that during the drug release studies, the templates were 
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completely extracted out of the template-silicate nanocomposites, and the silica matrices 
were nanoporous.  
Nitrogen adsorption-desorption isotherms of the nanoporous silicas after the 
removal of fructose template were recorded over the relative pressure (P/P0) from 0 to 1 
at -196 °C.  The typical isotherms of silica samples prepared at various amounts of the 
fructose template from 0 to 60 wt% are shown in Figure 2-7.  Figure 2-7(a) shows the 
isotherms of the silica materials loaded with antibiotics mycophenolic acid.  Isotherms of 
the silica loaded with antibiotics hygromycin B are similar.  Figure 2-7(b) shows the 
isotherms of the silica materials loaded with vancomycin.  At a fructose content ranging 
from 15 to 60 wt% in the sample preparation, the isotherms have similar features.  
According to the IUPAC classification,32 these isotherms are typical type IV isotherms.  
They have a characteristic hysteresis loop at around 0.5-0.9 P/P0, which is associated with 
capillary condensation in mesoporous structure.  With increasing concentration of 
fructose, the hysteresis loops become greater in magnitude and shift to higher P/P0.  
However, without using fructose template, the isotherms of silica loaded with 
only antibiotics seem to be different when a different antibiotic compound was entrapped.  
This is demonstrated by the difference between the two bottom isotherms of Figure 2-7(a) 
and 2-7(b).  The bottom isotherm in Figure 2-7(a) has no hysteresis loop, which usually 
indicates that the material is microporous.  The bottom isotherm in Figure 2-7(b) 
resembles a type IV isotherm, indicating that the material might have mesoporosity to a 
certain extent.  The difference could be attributed to the molecular size of the antibiotics. 
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Vancomycin’s molecular structure is much larger than the other two antibiotics (as shown 
in Figure 2-1). Hygromycin B (C20H37N3O13) has a formula weight of 527.5, and 
mycophenolic acid (C17H20O6) has a formula weight of 320.3, while vancomycin 
(C66H75Cl2N9O24) has a formula weight of 1448.5. Mesopores might form with 
vancomycin, probably because of its large size, but with the other two antibiotics, only 
micropores formed in the silica matrix. 
The typical isotherms of silica with various amounts of PEG template are shown 
in Figure 2-8.  Nitrogen adsorption-desorption isotherms of silica were recorded over the 
relative pressure (P/P0) from 0 to 1 at -196 °C. At a PEG content ranging from 15 to 60 
wt%, the isotherms have similar features.  These isotherms are typical type IV isotherms, 
similar to those of fructose templated silica.  The isotherms have a characteristic 
hysteresis loop at around 0.5-0.9 P/P0, which is associated with capillary condensation in 
mesoporous structure.  With increasing concentration of PEG template, the hysteresis 
loops become greater in magnitude and shift to higher P/P0.  
The composition of the fructose templated silica materials loaded with 
vancomycin and the pore parameters of the mesoporous silica after the release study are 
summarized in Table 2-1.  The data of materials loaded with two other antibiotics were 
quite similar, except the pore diameters for sample Fru-0, in which no fructose template 
was added. For the Fru-0 sample of vancomycin, the pore diameter is about 5 nm.  For 
the Fru-0 sample of the other two antibiotics, the pore diameter is around 3~4 nm.  The 
compositions measured based on the total weight loss at 750 °C from TGA are 
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comparable with the designed feeding concentrations.  The discrepancies could be 
attributed to incomplete sol-gel reactions.  The silica materials exhibit a large pore 
volume up to 1.1 cm3/g, and the materials have tunable pore diameters of 5-12 nm. The 
pore diameters with fructose template were previously reported by our group in the range 
of 2-5 nm.33,34  This is the first time that the pore diameters were tuned in the higher 
range of 5-12 nm.  The effects of template concentrations on pore parameters resemble 
those we observed for other nonsurfactant compounds.21,23  As the fructose concentration 
increases, the pore volume and pore diameter tend to increase.  The Brunauer-Emmett-
Teller (BET) surface area increases with the fructose content increase up to 40 wt%, after 
that it tends to decrease.  As reported earlier, this is a result of competition of the effect of 
pore diameter increase over the effect of pore volume increase.35,36 
The composition of the PEG templated silica materials loaded with vancomycin 
and the pore parameters of the mesoporous silica after the release study are summarized 
in Table 2-2.  The silica materials exhibit a large pore volume up to 1.1 cm3/g, and the 
materials have tunable pore diameters of 5-11 nm, similar to the data of fructose 
templated silica.  As the PEG concentration increases, the pore volume and pore diameter 
tend to increase.  The BET surface area increases with the PEG content increase up to 40 
wt%, after that it tends to decrease.  The two templates, fructose and PEG, showed quite 
similar effects on the pore parameters. 
As shown in Figure 2-9, the Barrett-Joyner-Halenda (BJH) pore size distribution 
curves from the desorption branches of the samples with fructose template encapsulated 
  
67
 
(a) hygromycin B or mycophenolic acid and (b) vancomycin exhibit relatively narrow 
distributions.  In the case of the vancomycin sample (Figure 2-9b), the pore diameter is in 
the range of 3 to 11 nm. A larger pore size is observed for a sample with higher fructose 
content.  The Fru-0 curve exemplified in Figure 2-9(b) is from the sample loaded with 
vancomycin.  For the other two antibiotics, there is no identifiable distribution peak for 
sample in the absence of fructose template (i.e., Fru-0) as shown in Figure 2-9(a). 
Figure 2-10 shows the BJH pore size distribution curves from the desorption 
branches of the samples with various amounts of PEG and encapsulated vancomycin. The 
distributions are quite narrow.  The pore diameter is in the range of 3 to 10 nm. A larger 
pore size is observed for a sample with higher PEG content.   
Small angle powder X-ray diffraction was used to study the pore structures. All 
the mesoporous silica materials exhibited similar powder XRD profile with some 
variation in the peak intensity, which is exemplified by samples Fru-40 and Fru-50 in 
Figure 2-11. A broad shoulder peak was observed at the low angle range, which is 
characteristic of the disordered worm-like mesoporous silica. This intense peak 
corresponds to a d spacing of about 6 nm. In the worm-like porous structure, d spacings 
obtained from powder XRD could be approximated as the repeating distance from one 
layer of silica wall to the next layer of silica wall crossing a mesopore space. 
The mesoporosity of fructose templated sol-gel silica was further studied using 
transmission electron microscopy (TEM). Figure 2-12 shows representative TEM 
micrographs of the mesoporous silica Fru-50 after release study. The images exhibit 
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numerous interconnected worm-like channels and pores with regular diameters, which is 
typical of the mesoporous silica materials prepared via the nonsurfactant pathway.  At a 
higher resolution, the structure shown with diameters in a few nanometers could be from 
the pore channels inside the materials. 
Isotherms analysis indicates that the removal of the template after release study 
results in mesoporous silica matrix with interconnected channels of regular diameters. 
This feature was also confirmed by transmission electron microscopy (TEM) and X-ray 
diffraction studies.  These interconnected channels allow the surrounding fluid to 
penetrate, and to dissolve and release the template molecules and the incorporated 
antibiotics molecules,  so the antibiotics could elute from the silica matrix through these 
channels.  Because the diffusion rate of drug molecules should be related to the channel 
diameter and structures, the drug release could, therefore, be controlled by tailoring the 
pore parameters. 
 
2.3.2. In vitro Release 
In vitro cumulative release of vancomycin immobilized in fructose templated 
silica is plotted in Figure 2-13.  The release study was repeated with two more 
independent sample preparations.  Essentially the same release profile was obtained each 
time.  The solutions were exchanged at the designed time points.  All the samples showed 
a faster initial release followed by a slower, steady release.  The shape of the release 
profile was found to be dependent on the template content.  The results indicate that the 
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release is faster when the template content is higher.  The data show that the release was 
gradual and sustained when the amounts of template was no more than 30%. From Table 
2-1, one can see that when the template content is no more than 30%, the interconnected 
channels formed by the template removal have a similar pore diameter (~5 nm) to the 
Fru-0 sample.  By increasing the template content, the channels are better connected 
(increased pore volumes).  A larger pore volume allows more of the immersion solution 
to enter the silica matrix in a given period of time.  So vancomycin could be released 
faster than Fru-0 sample, although these materials have same pore diameters.  For the 
non-templated sample Fru-0, probably because of the limited interconnections of 
channels as implied from small pore volumes, the immersion solution could not readily 
penetrate through the silica matrix to the interior, and therefore, the release of antibiotics 
from the silica matrix was difficult.  Samples Fru-40 to 60 have much larger pore 
diameters and volumes.  The antibiotics can easily leach out through the interconnected 
channels.  This is likely the reason for the observed fast release.  The templated silica 
materials showed a very good recovery of loaded antibiotics.  The amount of antibiotics 
released was more than 85% for all templated samples, while only about 25% of 
vancomycin was released after 15 days for non-templated Fru-0 sample.  The good 
recovery of loaded antibiotics indicates that there was no significant loss of the 
antibiotics during the synthesis, and the antibiotics were not chemically bonded to the 
materials.  
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In vitro cumulative release of vancomycin from powdered fructose templated 
samples is shown in Figure 2-14. The silica particles that passed through a 250-mesh 
sieve were used for the study. The shape of the release profile was still found to be 
dependent on the template content.  The release is faster when the template content is 
higher, which is consistent with the disk (bulk) samples. Compared to the disk samples as 
presented in Figure 2-13, the release was faster. Most of vancomycin was released after 1 
day for templated samples, and after 1 week for Fru-0 sample. This is probably because 
the samples were small particles, and it was easier for the immersion solution to penetrate 
through the silica matrix to the interior. Not only is the release faster, the recovery rate of 
vancomycin is also higher, especially for the Fru-0 sample. 
PEG templated silica materials showed similar releasing profiles to that of 
fructose templated silica, as shown in Figure 2-15.  The experimental procedure with 
PEG template was repeated and the same release pattern was obtained.  All the samples 
show a faster initial release followed by a slower, steady release.  And the shape of the 
release profile is dependent on the template content.  The data show that the release was 
gradual and sustained when the amount of template was no more than 30%.  The results 
indicate that the release is faster when the template content is higher.  Since the pore 
parameters of PEG templated silica materials are quite similar to those of fructose 
templated materials, it is predictable that the releasing profiles would be similar. 
The release kinetics were also dependent on the amount of template.  When 
template was introduced into the silica matrix, they all showed a faster release compared 
  
71
 
to the Fru-0 sample.  When the cumulative release versus time curve shows some 
linearity, that part of the process is considered as near-zero-order.  The last part of release 
is characterized by near-zero-order kinetics for all the samples as shown in Figure 2-13.  
The cumulative release was also plotted versus the square root of time (in hours).  A 
linear relationship shows in part of curves for samples Fru-0 to 30 as shown in Figure 2-
16.  This indicates that a first-order release occurred during part of the process.  For 
sample Fru-0, the curve was linear up to 2 days of immersion with an r2 value of 0.99.  
The fast first-order release was followed by a slow near-zero-order release after day 2. 
For sample Fru-15, a three stage release process was observed.  First, an initial faster 
release stage in day 1 was followed by a relatively fast stage with first-order kinetics until 
day 10 with an r2 value of 0.99 and a subsequent slower release of near-zero-order.  For 
sample Fru-30, a faster initial stage was observed for the first half day, followed by a 
first-order release up to day 5 with an r2 value of 0.97 and a subsequent slow near-zero-
order release.  The transition from the first- to the zero-order process (5 and 10 days for 
the samples Fru-30 and Fru-15, respectively) occurred when about 80% of vancomycin 
had been released.  But for samples Fru-40 to 60, a much faster initial release occurred in 
the first day, and the kinetics could not be determined.  The release kinetics were 
dependent on the template content.  By varying the template content, the release kinetics 
of silica materials could be tailored with respect to specific therapeutic goals. 
In contrast, for the other two antibiotics, i.e., hygromycin B and mycophenolic 
acid, the release profiles did not show a controlled and sustained release.  Figure 2-17 
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shows, as an example, the release profile of hygromycin B.  About 90% of the two 
antibiotics were released within three days.  The release kinetics were not template 
content dependent.  The releasing rate and amount do not have a relation to the silica 
structure, such as pore diameters.  Such a significant difference from vancomycin could 
be attributed to the size effect.  For the two antibiotics hygromycin B and mycophenolic 
acid, their molecular sizes are smaller than the diameters of the interconnected channels 
with the smallest amount of template (15 wt%) employed in the study.  They can easily 
leach out of the silica matrix.  Therefore, no sustained release was observed. 
 
2.4. Conclusions and Future Work 
Nanoporous silicas containing antibiotics have been successfully prepared via the 
nonsurfactant-templated sol-gel reactions of tetraalkoxysilane in the presence of fructose 
or PEG, as the template, and the antibiotics, including hygromycin B, mycophenolic acid 
and vancomycin, followed by removal of the template by extraction during the drug 
release.  The pore parameters, such as pore diameter, pore volume and specific area, can 
be tailored by varying the template concentration.  In the case of vancomycin, the 
biomaterials show a long-term controlled release.  The amount of antibiotics released and 
the rate of releasing are dependent on the silica pore parameters.  For the samples 
prepared with the template, most of the antibiotics (>85%) were released in a short time 
period.  In contrast, for the samples prepared with less or no template, only about 25% of 
antibiotics were released by day 15.  Since the template provides isotropically distributed 
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interconnected channels inside the silica matrix with tunable pore diameters, the releasing 
rate and amount are greatly improved.  Variation of the template content is a very simple, 
effective technique for the control of the rate and amount of drug release.  With a high 
antibiotic recovery and with the release kinetics that can be tailored with respect to the 
requirements for a particular therapeutic treatment, porous silica materials with tunable 
pore diameters would make a good controlled drug release system.  
With the mild and convenient synthetic process, the mesoporous materials with 
tunable pore parameters can be applied to some new drug delivery systems.  Besides the 
antibiotics, other drugs can be studied under similar conditions.  The releasing kinetics 
and biological activity of antibiotics can be further investigated.  New templates can be 
explored and silica materials can be prepared in new forms other than hard disks, such as 
thin film and nanofibers.  
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Table 2-1. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 0-60 wt% fructose after release study. 
 
Fructose 
(wt%) 
Sample 
codea 
calcd. foundb 
BET 
surface  
area (m2g-1) 
Pore 
volume 
(cm3g-1) 
DBJHc 
 
(Å) 
DBETd
 
(Å) 
Dpeake
 
(Å) 
Fru-60 60 56 345 1.068 116.0 123.8 107 
Fru-50 50 47 336 0.724 81.5 86.4 78 
Fru-40 40 39 360 0.609 65.7 67.7 63 
Fru-30 30 31 329 0.479 57.2 58.3 49 
Fru-15 15 21 228 0.311 57.3 54.6 34 
Fru-0 0 0 111 0.149 58.7 53.8 34 
 
a The numerical figure in the sample code denotes the template fructose concentration (wt%) in the 
materials before the release study. b Values from the weight loss of the samples, which represent total 
content of volatile compounds at 750 °C based on TGA measurement. c Average pore diameter calculated 
from 4V/A, where V is the total pore volume and A is the BET surface area. d Average pore diameter 
calculated from BJH desorption branch of the isotherms. e Pore diameter read at the pore size distribution 
peak. 
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Table 2-2. Composition and pore parameters of the sol-gel silica samples prepared in the 
presence of 0-60 wt% PEG after release study. 
 
Sample Codea BET surface 
area (m2g-1) 
Pore volume
(cm3g-1) 
DBJHb 
(Å) 
DBETc 
(Å) 
Micropore vol. 
(cm3g-1) 
PEG-60 376 1.061 98.0 112.9 - 
PEG-50 371 0.804 77.2 86.7 - 
PEG-40 384 0.662 63.0 69.0 - 
PEG-30 268 0.409 66.1 65.4 0.00613 
PEG-15 212 0.347 61.3 61.0 0.00299 
PEG-0 225 0.306 57.9 54.6 0.00605 
 
a The numerical figure in the sample code denotes the template PEG concentration (wt%) in the materials 
before the release study. b Average pore diameter calculated from 4V/A, where V is the total pore volume 
and A is the BET surface area. c Average pore diameter calculated from BJH desorption branch of the 
isotherms. 
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                                                  Hygromycin B 
 
 
 
 
                                                 Mycophenolic acid 
 
 
 
 
 
Figure 2- 1. Molecular structure of hygromycin B, mycophenolic acid and vancomycin. 
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Figure 2- 2.  Representative UV-Vis spectra of hygromycin B (H3274).  
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Figure 2- 3. Representative UV-Vis spectra of mycophenolic acid (M3536). 
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Figure 2- 4. Representative UV-Vis spectra of vancomycin. 
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Figure 2- 5. IR spectra of silica with various amounts of fructose as template before 
release study. 
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Figure 2- 6. IR spectra of silica with various amounts of fructose as template after release 
study. 
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Figure 2- 7. Nitrogen adsorption-desorption isotherms at -196 °C for porous silica 
samples prepared with various amounts of fructose after release study, (a) with antibiotics 
hygromycin B or mycophenolic acid; (b) with vancomycin. 
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Figure 2- 8. Nitrogen adsorption-desorption isotherms at -196 °C for porous silica 
samples prepared with various amounts of PEG after release study. 
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                                                           (b) 
Figure 2- 9.  BJH pore size distributions obtained from the desorption branches of 
nitrogen sorption isotherms at -196 °C for porous silica samples prepared with various 
amounts of fructose after the drug release study, (a) with antibiotics hygromycin B or 
mycophenolic acid; (b) with vancomycin. 
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Figure 2- 10.  BJH pore size distributions obtained from the desorption branches of 
nitrogen sorption isotherms at -196 °C for porous silica samples prepared with various 
amount of PEG with vancomycin after the drug release study. 
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Figure 2- 11. Representative low angle powder XRD patterns for the mesoporous silica 
samples: Fru-40 (top), Fru-50 (bottom). 
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Figure 2- 12. Representative TEM images of mesoporous silica sample Fru-50 after 
release study. 
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Figure 2- 13. Release profile of vancomycin in silica materials with various fructose 
content. 
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Figure 2- 14. Release profile of vancomycin from powdered silica materials with various 
fructose content. 
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Figure 2- 15. Release profile of vancomycin in silica materials with various PEG content. 
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(c) 
Figure 2- 16. Part of cumulative release (in mg) versus the square root of time (in hours) 
shows linearity in samples Fru-0 (a), Fru-15 (b) and Fru-30 (c). 
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Figure 2- 17. Release profile of hygromycin B in silica materials with various fructose 
content. 
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Chapter 3. An Effort to Make Chiral Cavity in Sol-Gel Materials by Using Large 
Molecules as Templates 
 
 
3.1. Introduction 
Chiral cavity is an asymmetric void in a host matrix. The target of making chiral 
cavity is to generate structures in the form of such voids, which could discriminate 
between enantiomers of guest molecules. A simple approach to generate such a cavity is 
molecular imprinting by the use of a removable chiral template. Biological 
macromolecules, such as antibodies and enzymes, benefit from a variety of functional 
groups to affect recognition and catalytic properties. The rapidly developing technique of 
molecular imprinting, which provides polymeric artificial receptors and catalysts, would 
also benefit from an expanded repertoire of functional groups. Functional monomers are 
bound either covalently or noncovalently to a print molecule or template. Polymers and 
metal oxide materials have been reported as the molecular imprinting materials.1,2 Great 
developments have been achieved in the area of molecular imprinted polymers.3,4  The 
process utilizes a template or imprinting molecules to organize polymerizable monomers 
prior to their co-polymerization with cross-linking monomers.  The resulting polymers 
are highly cross-linked network materials.  Following removal of the imprinting 
molecules, the solid polymers are found to selectively rebind the imprinting molecules. 
This technique is used for the creation of small molecule receptors and designed catalysts. 
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3.1.1. Molecular Imprinting 
Recent research in molecular imprinting is focused on the evidence of chiral 
selectivity. The ability of molecular imprinted materials to separate enantiomers is a 
challenging and exciting application of this growing technology.  It indicates that the 
synthetic materials may serve as crude mimics of the natural receptors. The generation of 
sites capable of molecular recognition in inorganic materials is very attractive, because 
such materials could be used for molecular separations, including enantiomeric 
enrichments, selective hosts for asymmetric synthesis, as well as selective sensors and 
catalysts. Such stereospecific sites in inorganic materials would be of great importance. 
Many types of metal oxides have been prepared for catalysis or catalyst supports, such as 
amorphous silica and zeolite crystals.5   
The imprinted silica may act as shape-selective catalysts. The recognition sites for 
small enantiomer molecules could be prepared in porous silica through a sol-gel process 
developed for the generation of selective adsorption sites by molecular imprinting. Such a 
molecular imprinting has been approached in several ways. In the last fifty years, 
researchers tried many different experimental designs seeking evidence for stereospecific 
adsorption in inorganic materials. As early as in 1952, a few authors used a silica gel that 
was precipitated in the presence of 4¯5% (S)-10-camphorsulfonic acid, and were able to 
resolve racemic camphorsulfonic acid with an ee of 30%, while with mandelic acid an ee 
of 10% was reached.6   Recent studies on the application of silica as separation media 
have achieved a little progress.7 Some got positive results, while most obtained negative 
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results. Currently it is still in debate concerning the existence of stereospecific adsorption. 
Maier group reported a series of very comprehensive studies of the preparation of new 
catalyst materials by the sol-gel process.8 They discovered that amorphous microporous 
oxides with a narrow pore size distribution (0.8 nm in diameter) comparable to zeolites 
can be obtained by careful control of the sol-gel process followed by drying and 
calcination. The narrow pore size distribution was attributed to transport pores of the 
alcohol formed during the hydrolysis-polycondensation reactions in the sol-gel process, 
which, after calcination, remain an integral part of the microstructure of the final material. 
In other words, the amorphous microstructure of the final glass remembers the kinetic 
diameter of the alcohol. It was rationalized by the authors that if this polycondensation 
can so precisely adopt the transport diameter of diffusing ethanol, it may also be able to 
remember the molecular shape of imprinted molecules and thus provide another entry to 
molecular imprinting in inorganic oxides. However, there was no unambiguous evidence 
to show that chiral imprinting did exist in amorphous silica. They concluded that, 
although some adsorption selectivity was reported, more subsequent investigations 
demonstrated that the effect could be attributed to difference in the surface of the gels. 
The selective adsorption effect observed is most likely a surface effect, not an imprint 
effect.9  So far, many attempts to use small chiral molecules as templates for imprinting 
amorphous silica were without success. Under the conditions people have been using for 
the preparation of imprinted silica, an imprint effect either does not exist or it is too small 
to be detectable within the experimental error. 
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In our laboratory, we have been working on imprinting sol-gel silica with a 
variety of chiral molecules for the last decade or so. We have employed numerous small 
chiral molecules, such as glucose, tartaric acid derivatives, amino acids, cyclodextrins, 
etc., as templates in the preparation of sol-gel silica. Transparent, glassy silica monoliths 
with large rotation angle (α) values were obtained.10 But after template removal, no chiral 
cavity was observed. It is interesting to note that these attempts have actually led to the 
development of a nonsurfactant templating route to mesoporous materials.11 Similar to 
many attempts in the literature, the use of small chiral molecules as templates for 
imprinting amorphous silica was unsuccessful. We reasoned that the scale of chirality in 
small molecules based on tetrahedral carbon might be too small to create a stable chiral 
cavity because of the bond/segmental motions of host matrix. Hence, in this work, larger 
asymmetric helical molecules, including DNA and collagen, were employed as templates 
in the preparation of molecular imprinted silica via the sol-gel process. DNA or collagen 
is not used to make exactly the same binding sites for small organic molecules, but rather 
to provide an asymmetric environment for selective adsorption. We used a combination 
of existing molecular imprinting and sol-gel process as synthesis methods. After template 
removal, selective adsorption of silica matrix was tested with several racemic solutions. 
The components of enantiomers would have sufficient time to diffuse through the pores 
and adsorb on the recognition site. The results showed some chiral selectivity. However, 
the effect, though encouraging, is not significant enough for a definitive conclusion.  
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3.1.2. Large Chiral Template 
Collagen and DNA were employed as templates in the preparation of molecular 
imprinted silica via sol-gel process. DNA is composed of a double helix. Collagen is a 
type of protein that holds specialized cells together in discrete units. The word “collagen” 
is actually derived from the Greek word “glue”. Collagen is composed of a triple helix 
formed by three polypeptide chains. To date, 19 different vertebrates collagens, referred 
to as types I-XIX, have been identified. Each type has a special secondary structure 
formed from three polypeptide segments aligned in parallel.12 The most important types 
are the fibrillar types I, II, III, IV and V. In our study, we used type III collagen, which is 
acid soluble, as a template. 
 
3.2. Experimental  
3.2.1. Materials and Instruments 
Collagen (Type III, acid soluble, from calf skin, Sigma), DNA (sodium salt, from 
salmon testes, Sigma), TMOS (tetramethoxysilane, Aldrich) and all other chemicals were 
used as received without further purification. The SEM images were taken on a Philips 
XL-30 ESEM. The rotation angles were measured on a Perkin-Elmer 341 Polarimeter. 
 
3.2.2. Immobilization of Collagen in Sol-Gel Silica Materials 
Immobilization of collagen in silica gels was carried out by mixing collagen 
solution (acidic aq.) with prehydrolyzed TMOS sol. For a typical example, at room 
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temperature, to a homogeneous solution of 18.63 g of TMOS, 180 µl of 40-mM HCl, and 
4.2 g of distilled and deionized H2O in a 400-mL beaker, an appropriate amount of 0.05% 
collagen acetic acid solution was added under magnetic stirring. (Stock solutions: 50 mg 
collagen were predissolved in 100 mL 0.01M acetic acid aqueous solution.) For DNA, 
generally, 50 mg DNA were predissolved in 100 mL distilled water, unless otherwise 
specified. The beaker was then sealed with paraffin film. Upon gelation of the system 
within 30 minutes at room temperature, 20-25 holes were pinned in the paraffin film with 
a hypodermic syringe needle to allow the evaporation of solvents and reaction by-
products (i.e., methanol and water). After 7 days under fume-hoods, the sample-
containing beaker was placed in a vacuum oven and dried to reach a constant weight at 
room temperature in about 7 days. 7.8 g of the collagen-containing silica gel samples 
were obtained in the form of transparent, dry, hard, glassy monoliths. The samples were 
crushed with a mortar and pestle into fine particles and kept in sealed vials. The control 
samples also were prepared in the absence of templates under otherwise identical 
conditions. 
During the sol-gel process of TMOS, DNA or collagen as a template was added. 
The percentage of DNA or collagen in the final dried glass was around 0.7% by weight. 
 
3.2.3. Removal of Templates and Test of Selective Adsorption 
 Different ways were used to remove the templates, however, the main method 
was calcination. As a general procedure, the powder was heated slowly from room 
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temperature to 550 °C at a rate of 1 °C/min. This temperature was maintained for 3 h 
before the oven was allowed to cool down to 100 °C at a rate of 5 °C/min. Then it was 
kept at 100 °C until the samples were taken out for the adsorption experiments. Nitrogen 
protection was also tried before the temperature reached 550 °C. The materials might be 
more stable under nitrogen protection during heating. 
The imprinting molecules were also removed by washing with an acid. Since 
DNA and collagen are large molecules, it was not easy to remove them from the silica 
matrix.  Chromic acid was used to wash the samples; it was added dropwise into the 
sample powder under stirring until the acid totally covered the sample. After stirring for 3 
h, the mixture was centrifuged, and washed repeatedly with distilled water for 2 days 
until the pH was reached neutral. Then the samples were dried in an oven until a constant 
weight was reached and was ready for the test of selective adsorption. 
There are two commonly used methods to test for chiral imprint effect: selective 
catalysis and competitive adsorption. We used competitive adsorption. Various racemic 
solutions were allowed to diffuse into the pores and adsorb on the possible chiral 
recognition site. Selective chiral adsorption of one enantiomer over the other would result 
in enantiomeric excess in the solution. Dl-tartaric acid (0.10 M aq.), dl-malic acid (0.10 
M aq.), dl-1,1’-bi-2-naphthol (0.010 M in ethanol), and dl-camphor (0.10 M in ethanol) 
were tested. 1 g (exactly weighed to the milligram) silica powder after template removal 
was soaked in 3.00 mL of each racemic solution for 2 days in a sealed vial. After 
centrifuging, a clear solution was obtained for measuring optical rotation angles (α) on a 
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Perkin-Elmer 341 Polarimeter. Nitrogen physisorption studies showed that all the 
materials prepared displayed isotherms typical of microporous materials. 
 
3.3. Results and Discussions 
Figure 3-1 shows the typical SEM images of collagen immobilized in the silica 
matrix and a pure silica control sample. The helical feature of collagen was well 
maintained and very clear after immobilization. That means our mild sol-gel process did 
not affect the collagen structure.  
Optical rotations were measured about 45-50 times on each sample and then data 
were analyzed. The average value of α and standard deviation (SD) are listed in Tables 3-
1 and 3-2. More raw data are listed in Appendix B.1 (all the data are rotation angles in 
degree x103). Currently, we are not able to reach a conclusive statement with all these 
data yet. 
For materials made with collagen, results seemed to show some selective 
adsorption consistently with many independent samples. The optical rotation of tartaric 
acid solution showed a positive value, α=0.027°, calculated e.e. was about 18%, 
assuming only one enantiomer was adsorbed. In this case, l-tartaric acid was 
preferentially adsorbed, leading to a positive optical rotation. While that of malic acid 
solution showed a negative value, α=-0.009°, calculated e.e. was about 3%. For camphor 
and 1,1’-bi-2-naphthol, the values were very close to zero. This is perhaps because 
camphor and 1,1’-bi-2-naphthol are relatively larger and more nonpolar than tartaric acid 
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and malic acid, and, therefore, it might be more difficult for them to get into the cavities 
in the silica matrix. A possible reason for the selectivity observed may be the directional 
hydrogen bonding.  In the current study, both tartaric acid and malic acid have –COOH 
group, which could form strong hydrogen bonding. Therefore, this could be more helpful 
in achieving a stereospecific binding site.   
In contrast, DNA-imprinted silica generally exhibited very small and inconsistent 
rotation angle values as shown in Table 3-2. More experiments were done with collagen 
dissolved in hexafluoro-2-propanol, which is a good solvent for collagen. The content of 
collagen in the silica matrix was increased to 5%. Still, no significant enantiomer 
selectivity was observed (Table 3-3). 
Occasionally data seemed to show selective adsorption. For example, by using 
200 mg DNA as the template, with calcination, a rotation angle of α=0.045° was 
observed in a limited number of samples. However, such observations were not the norm. 
In most cases, the rotation values were too small to assess any imprint effect. Likewise, 
the samples with template being removed by chromic acid treatment yielded very small 
rotation angles. It should be emphasized that control silica samples also gave some 
apparent selectivity that should not have at all. These values from the control samples 
represent a baseline of experimental limit for all the measurements in this study. With 
this consideration, it appears that only the collagen-imprinted silica might exhibit 
appreciable enantiomeric selectivity in tartaric acid adsorption system. It is noted that in 
solution, optical rotation value of collagen is much greater than that of DNA.  
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3.4. Conclusions and Remarks 
In view of many unsuccessful attempts to use small chiral molecules as templates 
for imprinting amorphous silica, we reasoned that the scale of chirality in small organic 
molecules might be too small to create a stable chiral cavity because of the 
bond/segmental motions of host matrix. In this study, larger asymmetric helical 
molecules, including DNA and collagen, were employed as templates in the preparation 
of molecular imprinted silica via the sol-gel process. After template removal, selective 
adsorption of silica matrix was tested with racemic solutions of tartaric acid, malic acid, 
1,1’-bi-2-naphthol, and camphor. The results showed that the collagen-imprinted silica 
might exhibit some enantiomeric selectivity in the tartaric acid system. However, the 
effect, though encouraging, is not significant enough for a definitive conclusion. Further 
exploring the use of templates with large scales of chirality, such as bridged 
binaphthalene derivatives and multi-dentate ligand-metal complexes, would be helpful to 
reach any definitive conclusion. More control experiments should also be conducted to 
exclude possible artifacts.  
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Table 3-1.  Data for the competitive adsorption in collagen-imprinted silica. 
 
 
Rotation Angles of Different Racemic Solutions (in degree 
x103) 
Samples 
50mg collagen as 
template Tartaric 
acid 
Malic acid Camphor 1,1’-Bi-2-
naphthol 
Done around Oct. 
2000 
α= 27.3  
SD= 5.2 
α= -9.0 
SD=3.8 
α=   3.7  
SD= 2.0 
α=   0.0  
SD= 2.2 
Done around March 
2001 
α= 14.7 
SD=3.5 
α= -3.3 
SD=2.8 
α=   3.7 
SD=2.4 
α=   1.5  
SD=2.6 
Original solutionsa) α=   1.3  
SD= 1.5 
α=   1.8 
SD= 1.5 
α=   1.2  
SD= 1.6 
α=   1.5  
SD= 1.6 
a) The optical rotations of the racemic solutions before the adsorption. 
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Table 3-2. Adsorption data of DNA-imprinted silica. 
 
Rotation Angles of Different Racemic Solutions (in degree x103) Templates 
Tartaric acid Malic acid Camphor 1,1’-Bi-2-
naphthol 
50 mg DNAa)  α= -2.5 
SD=3.6 
α=  2.9 
SD=2.9 
α=  6.9 
SD=3.9 
α=  7.5  
SD=2.7 
50 mg DNAb)  α= -5.7 
SD=5.1 
α= -3.4 
SD=2.4 
α=  9.0 
SD=2.5 
α=  9.3  
SD=3.1 
100 mg 
DNAc)  
α=  1.7 
SD=2.7 
α=  5.3 
SD=2.3 
α=  8.2 
SD=1.8 
α=  0.3  
SD=2.1 
200 mg 
DNAd)  
α=45.4 
SD=7.2 
α=  3.7 
SD=1.6 
  
100 mg 
DNAe)  
α=  3.8 
SD=4.5 
α= -1.2 
SD=2.7 
  
200 mg DNAf)  α=  1.1 
SD=2.8 
α=  1.3 
SD=2.5 
  
Controlg) α=  2.4 
SD=2.1 
α= -0.4 
SD=2.1 
α=  8.2 
SD=3.0 
α=  4.1  
SD=1.6 
 
 
(a) 50 mg DNA dissolved in 100 g distilled water, calcination at 550°C for 3 h; (b) 50 mg DNA dissolved 
in 100 g distilled water, calcination at 300°C for 6 h; (c) 100 mg DNA dissolved in 20 g Tris Buffer (2.42 g 
Tris, 1.44 mL 12M HCl, diluted to 1 liter, pH = 7.37), calcination at 550°C for 3 h; (d) 200 mg DNA 
dissolved in 25 g Tris Buffer (same as above), calcination at 550°C for 3 h; (e) 100 mg DNA dissolved in 
20 g Tris Buffer (same as above), template was removed by washing with chromic acid; (f) 200 mg DNA 
dissolved in 25 g Tris Buffer (same as above), template was removed by washing with chromic acid; (g) 
Sol-gel silica control, no template added. 
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Table 3-3. Adsorption data of silica with collagen dissolved in hexafluoro-2-propanol as 
templates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Collagen + tartaric acid 
 α= 11.6, SD = 1.1 
Control + tartaric acid 
α= 0.1, SD = 1.4 
Collagen + H2O 
α= -0.9, SD = 3.5 
Collagen + tartaric acid 
 α= 0.7, SD = 2.2 
Control + tartaric acid 
α= -14.7, SD = 3.4 
Collagen + H2O 
α= -2.0, SD = 7.7 
Collagen + tartaric acid 
 α= 0.4, SD = 2.5 
Control + tartaric acid 
α= 1.2, SD = 2.4 
 
Collagen + malic acid 
 α= 0.5, SD = 1.8 
Control + malic acid 
α= 0.2, SD = 1.6 
 
  
112
 
 
 
 
 
Figure 3- 1. Typical SEM images of collagen immobilized in the silica matrix (top) and 
pure silica control sample (bottom).  
  
113
 
Chapter 4. Nanoelectrodes Fabricated from Electron Beam Deposited Carbon as 
Potential Electrochemical Neuronal Probes 
 
4.1. Introduction 
There is an urgent need of ultra small electrodes in neuronal electrochemical 
analysis. The currently used probes, such as carbon fiber and metal microelectrodes, 
typically have tip diameters of a few micrometers or greater.  They cannot be used for 
neuron analysis in extremely small microenvironments and often destroy neuronal cell 
membranes.  In order to measure the minute neuronal signals, submicron-size or 
nanometer-size electrodes which can be easily manipulated are needed. Because of the 
ultra small size, the nanoelectrodes are particularly advantageous for in vivo 
electrochemical detection for they can be inserted into the live neurons or even synapses 
without damaging the cells. These nanometer scale probes must have a high aspect ratio 
to allow the probes to pass through the cell membrane and to penetrate into the neuron 
cell and to improve cell viability during experiments. With the developing 
nanotechnology, fabrication of such nanoneuroprobes has become possible.  
A great deal of work has been carried out to make the currently widely used 
carbon fiber microelectrodes even smaller. Several methods for etching carbon fibers, 
such as flame,1,2 electrochemical,3-5 and ion beam etching,6 have been reported. 
Submicron scale cone-shaped tips can be obtained after etching. Despite many 
advantages, these methods are quite time and effort consuming with a low success rate, 
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and the tapering tip shapes are often poorly reproducible.  Efforts have also been made to 
fabricate nanoelectrodes based on carbon nanotubes or carbon nanofibers. One way is to 
grow carbon nanotubes or fibers directly on a support tip, but bundles of bulk carbon 
nanotubes or nanofibers, called tube forests, are often obtained by direct growing. For the 
probe application in neuron analysis, it is very important that the nanoprobe is not 
surrounded closely by others. Ideally only one probe should protrude from the support tip. 
To avoid the nanotube forest problem, mounting a single carbon nanotube on support tips 
has been reported.7,8  However, it was found difficult to control the length of the 
nanotube protruding from the support tip, and the attachment of the carbon nanotube to 
the support tip is often not strong enough for multiple electrochemical measurements. 
Growing an isolated vertically oriented nanotube or nanofiber on a specific site has been 
achieved by using plasma enhanced chemical vapor deposition (PECVD).9,10 Carbon 
nanotubes and/or nanofibers grown by PECVD have been applied as individual 
electrodes or in large electrode arrays.11-13 Many electrodes were reported with extremely 
small electroactive area, however, most are housed in a rather large support object.  That 
means they have a large support body immediately behind the small tip (like a single 
grass on the top of a mountain), which inhibits their application in extremely small 
microenvironments for neuron analysis.  All the above-described methods have many 
advantages and also drawbacks. With rapid development in nanotechnology and further 
research, one or more of these methods may emerge as the best method for fabricating 
nanoscaled cellular probes. 
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In this chapter, we present a novel method that has been developed for the 
fabrication of high aspect ratio nanoneuroprobes with overall tip dimensions as small as 
50 nm in diameter and 1-2 micrometers in length. The method generates nanoprobes 
utilizing the so-called electron beam deposition (EBD) process. It has been reported that a 
tip with small end radius and high aspect ratio can be fabricated by electron beam 
deposition of carbon in a scanning electron microscope (SEM).14,15  Such tips have been 
used as probes for atomic force microscopy (AFM) and scanning tunneling microscopy 
(STM), leading to improved imaging resolutions.16,17  The electron beam deposited tip 
was also employed for lithographic purpose.18  All these applications show that the EBD 
tips are quite robust and electroconductive.  Using electron beam deposition with SEM, 
we have successfully grown a single nanoprobe directly on the apex of a micron size 
metal wire (or carbon fiber). One of the advantages of using this method is that we can 
reproducibly prepare sharp and single tips on the desired specific location of interest.  For 
neuronal signal recording applications, it is desirable that only the extreme nanoscale tip 
of the probe is electrochemically active.  For this purpose, the EBD tips were 
electrochemically coated with a thin insulating polymer film. Poly(oxyphenylene) 
coatings, from electropolymerization of phenol on the electrode surface, have been well 
applied as the insulation of carbon based electrodes.1,19  Film, as thin as 10 nm, can be 
achieved because the growth of non-conducting polymers is self-limiting.8,20  And such 
films are usually free from defects, such as pinholes.20,21  After coating, the insulating 
polymer is removed from the exact tip of the electrode so that electrochemical activity is 
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limited to the tip region. Figure 4-1 gives a schematic illustration of the nanoprobe 
fabrication process. The nanoelectrodes thus prepared were employed to probe neurons in 
mouse brain slice, and the preliminary results suggest that the probe was capable of 
recording neuronal signals.   
 
4.2. Experimental 
4.2.1. Materials and Instrumentation 
 All the tip growing experiments were performed on an AMRAY 1830 scanning 
electron microscope (SEM). Some SEM micrographs were also taken on a Philips XL-30 
ESEM. The coating was conducted in a single chamber electrochemical cell using a two-
electrode system. Steel wire (0.020 inch gauge, from Malin Co., type soft SS) was used 
as the counter electrode. A multimeter (Wavetek 15XL) was used to measure the current. 
The distance between the counter electrode and the working electrode was about 1.8 cm. 
1.0 V was applied using a function generator (HP33120A function generator). Cyclic 
voltammetry (CV) was performed on an Electrochemical Analyzer (Model BAS 100) 
from Bioanalytical Systems Inc. (Indiana). Gold wire (25 µm in diameter) was purchased 
from VWR. Nichrome wire (13 µm and 25 µm in diameter, composition: Nickel 60, 
Chromium 16, Iron balance) was from Kanthal Precision Technology (Florida). Tungsten 
microelectrodes (2 µm in the tip diameter) were purchased from World Precision 
Instruments (Florida). Both Nichrome and tungsten wires are commonly used as 
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microelectrodes in neural science. Na2CO3, KCl (Fisher Chemical) and all other 
chemicals (Aldrich) were used as received. Doubly distilled, deionized water was used to 
make all aqueous solutions. The phenol solutions for the preparation of insulating 
coatings were freshly made prior to use. 
 
4.2.2. Fabrication of the Nanoprobes 
Many SEM parameters are important in determining the probe growing process, 
probe shape and length, such as acceleration voltage, deposition time, electron beam 
current, working distance, magnification, and the residual gas composition in the vacuum 
sample chamber. These parameters were experimented first in order to figure out the 
optimum conditions on a specific SEM for probe growing on a small piece of mica. A 
series of different parameters were tested: 10-30 kV for voltage series, setting 2.0-7.0 for 
electron beam current setting, 2-10 min for deposition time. Before placing the sample in 
the SEM chamber, one drop of diffusion pump oil in acetone (1:10) was added onto it to 
observe the residual gas composition effect on the probe growing. After the optimum 
conditions were found on the specific SEM, tip growing was then started on the 
microelectrodes. 
The fabrication of nanoprobes was done in three steps. Step 1 (as shown in Figure 
4-1): The nanoprobes were obtained by using the electron beam of a SEM. The beam was 
first focused on the desired location of the gold, nichrome or tungsten wire. The SEM 
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was then switched to the spot mode for a fixed exposure time, during which a cone-
shaped tip would be formed.  Step 2 (Figure 4-1): To coat the probe with electric 
insulating polymer, a two electrode system was used as the coating setup. The metal wire 
with the nanoprobe on its tip was used as the anode. The wire works as an electrical 
bridge between the nanoscale dimension of the probe tip and the macro-scale dimension 
of the electrical interconnection. Because all the wires used have small diameters, they 
usually float on the solution surface. The following procedure was performed before the 
coating could be done. Wire was put through a glass capillary tube, with both ends 
extending out of the tube. One end of the wire was folded over the capillary tube, and a 
copper wire was wrapped around the wire to hold it in place and provide an electrical 
contact. Aluminum foil was then used to cover the copper wire and provide a “macro” 
electric contact for the alligator clips. 4 mL freshly prepared phenol solution (50 mM in 
0.5M H2SO4) was used as an electrolyte. An ultrathin insulating film was obtained by 
applying 1.0 V to the system in less than 20 minutes. Step 3 (Figure 4-1): To break the 
insulation at the exact tip of the nanoprobe, the polymer coated metal wire with 
nanoprobe was placed in the SEM. The electron beam was focused on the tip of the 
nanoprobe, and then the SEM was changed to spot mode for ten seconds at 30 kV. To 
ensure the tip was exposed completely, the same procedure was repeated several times. 
A few alternate methods were also designed to fabricate the nanoprobes. 1) By 
using a microtip filled with carbon nanofiber, apply some pressure on the microtip in 
order to “squeeze” out some nanofibers, so one or a few nanofibers would be protruding 
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out. The disadvantage of this method is that it is hard to control the pressure applied and 
direction that the nanofiber points. 2) Apply a thin layer of conductive paste to the 
extreme tip of a wire; the wire will then be dipped into a container of nanofibers, so one 
or a few nanofibers would be “glued” to the wire. The disadvantage with this method is 
similar to the one above, the difficulty of manipulation. Due to the micro scale of the 
nanotubes or nanofibers, it is very difficult to control the thickness and smoothness of the 
paste at the micro scale and direction of the nanofiber pointing. 3) Growth of carbon 
nanotubes was tried on the tip of a wire directly. As forementioned, it is very difficult to 
get just one tube protruding out. 4) Currently a glass pipette pulling method to afford a 
hollow tip in nanometer scale which could be covered by a thin metal film is designed 
and under investigation. This method will be further discussed in the future work part of 
this chapter. An alternate method, high voltage “zapping”, was also tried to open the very 
tip. With the tip of the coated wire facing the cathode, a high voltage field was applied 
(500 V over 5 cm) for a short time (20 sec). The wires were often found “zapped” 
somewhere in the middle, not on the desired tip. This is because the wires are not very 
straight as they are very soft due to the small size. 
Resistance of wires was checked on a CV setup using a three electrode system in 
a saturated KCl solution with a SCE as the reference electrode and a platinum wire as the 
counter electrode. Other methods were also experimented to measure the resistance. The 
tip of a wire was submerged into mercury, which provided a conductive contact. Because 
of the high surface tension of mercury, the wire tip moved on the surface without having 
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a good contact. A capillary tube was used to hold the wire and force the wire into the 
mercury bath. The resistance of a “naked”, uninsulated nichrome wire with 13 µm in 
diameter was measured as 0.8 kΩ before coating, and after coating, the resistance 
measured was 12.4 kΩ. However, because of the high surface tension of mercury, the 
wires tended to move around on the surface and the reading also fluctuated. Another 
method tried was using silver paste to glue the two ends of wire onto a glass slide. The tip 
was totally covered by the silver paste. Then probes from a multimeter were touched to 
the two ends, giving a reading. However, after the measurement, the wires were 
destroyed and couldn’t be used any more. 
 
4.2.3. Recording Neuronal Signals with the Nanoprobes 
The probes were tested as a signal detector in the electrophysiological 
measurement setup. A single nanoprobe was inserted in the hippocampus area of a mouse 
brain slice. The positive or negative pulse stimulation (0.05 mA, 0.1 ms) was delivered 
through another conventional bipolar electrode in order to evoke excitatory postsynaptic 
potential (EPSP). Signals were recorded with the nanoprobe after applying positive or 
negative electric pulses. 
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4.3. Results and Discussion 
To achieve electron beam deposition of nanoprobes, many SEM parameters are 
important in determining the probe shape and length, including acceleration voltage, 
deposition time, electron beam current, working distance, magnification, and the residual 
gas composition in the vacuum sample chamber. A series of different parameters were 
tested on the flat surface of a piece of mica. Figure 4-2a shows the effect of the voltage 
series, 10-30 kV from the left to the right in the top row. Figure 4-2b shows the effect of 
electron beam current setting, 2.0-7.0 from the left to the right. Figure 4-2c shows the 
effect of deposition time, 2-10 min. Figure 4-2d shows the effect of the residual gas 
composition in the vacuum sample chamber. Before placing the sample in SEM chamber, 
one drop of diffusion pump oil in acetone (1:10) was added on it.  The tips came out with 
a very round shape. Finally, a high acceleration voltage (25 kV), a long deposition time 
(5 min or longer), a low electron beam current (a setting of 5.0 or lower), a short working 
distance (less than 15 mm) and a high magnification (X8000 or higher) were found to be 
suitable to produce the desired sharp tips on the SEM we used. It should be pointed out 
that the optimum parameters would vary on a different SEM. A typical conical tip 
obtained by this method had a diameter of about 50 nm on the top and 200 nm at the 
bottom.  The length of the deposited tip was dependent on the exposure time. Usually, 5 
min deposition time generated a 1-µm long tip. The electron beam deposited tips have 
been successfully grown on nichrome wire, gold wire, tungsten microelectrode and 
  
122
 
carbon fiber. Figures 4-3(a-f) show typical SEM micrographs of EBD tips obtained on 
the apex of a microscale nichrome or gold wire. 
Figure 4-4 shows typical SEM micrographs of an EBD tip grown on tungsten 
microelectrodes. These tungsten microelectrodes have insulated coating as received, 
which induces electrical charging in the SEM, i.e., bright features, as shown in the 
micrograph. More SEM images of tips grown are listed in Appendix B.2. 
In order to be used as nanoprobes for measurements in single cells, the tips have 
to be coated (i.e., insulated), and only the very end of a tip can be exposed for electric 
signal detection. Poly(oxyphenylene) coating through phenol electropolymerization is a 
well established procedure for organic coating on various materials.22,23 The non-
conducting electropolymerized films produced by oxidation of phenol are generally thin 
due to passivation effect on the electrode surface.24 Coatings with varying thickness, from 
10 nm to a few hundred nanometers, can be obtained depending on reaction conditions, 
such as different solvent, pH, and the concentration of co-monomers. We experimented 
with many phenol systems which have been previously reported to produce thin films, 
such as phenol and allylamine in aqueous solution, phenol in acetonitrile, phenol in 
phosphate buffer with KCl, phenol in Na2CO3 solution, phenol in KOH, and phenol in 
H2SO4.8,19-21,24,25  We found that very thin insulating polymer film of ca. 10 nm could be 
achieved with 50 mM phenol in 0.5 M H2SO4 as electrolyte by applying 1.0 V to the 
system for 20 minutes.  The electrochemical coating process was monitored by 
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measuring the current as a function of time. Figure 4-5 shows that the current drops very 
fast within the first minute of the coating time.  The probe became electrically 
nonconductive, indicating a successful coating with insulating polymer films.  The coated 
probes were further checked in SEM. As shown in Figure 4-6, all the coated tips can be 
clearly seen from the micrographs. More pronounced electric charging observed further 
confirms the success of polymer coating.   
Since the polymer coating is really thin, it can be burned under a high voltage in 
SEM.  The spot mode was used at the highest voltage, 30 kV, on the SEM that we used.  
Another method was also tried: the electron beam was focused on the tip of the 
nanoprobe for a few minutes to burn the polymer coating. Both methods worked 
effectively to remove the polymer coating and open the very tip of the nanoprobe, which 
hence, renders the probe electrically conductive. Electrochemical experiments were 
carried out to compare the coated wire and the wire with an “opened” tip. Resistance of 
the wires was checked on a CV setup using a three electrode system in a saturated KCl 
solution with a SCE as reference electrode and a platinum wire as counter electrode. At 
an applied potential of 1.0 V, for the wire before coating, the current measured was 350 
nA; for the coated wire, the current measured was 29 nA; for the opened wire (i.e., the 
extreme tip of the nanoprobe was opened by exposing it to electron beam in SEM), the 
current measured was 129 nA. After coating, the resistance increased by more than 10 
times. The current measured for the coated wire could be attributed to a very small 
current leakage because the coating was ultrathin. Upon opening the extreme tip of the 
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nanoprobe, the current measured increased by about 4 times. These results further 
confirm the success in coating the probe with insulating polymer film and in opening the 
tip of the probe. 
Electrochemical detection within the living neuron cells was carried out to see if 
this new type of probe could be used to monitor detailed, ongoing process inside the cells.  
We used the mouse hippocampal brain slice preparations following the previously 
reported procedures.26,27 We found that the EBD tips were very stiff and robust. They 
could penetrate the cell membranes without breaking. After the neuronal experiments, the 
probes were examined with SEM again. Both the probes and coatings were found to be 
undamaged. The nanoprobes were tested as the signal detection electrode in the 
electrophysiological measurements. Thus, one nanoprobe was inserted in the 
hippocampus area of the mouse brain slice. Excitatory postsynaptic potential (EPSP) was 
recorded with the nanoprobe after applying electric stimulation pulses to the brain slice 
through a conventional micro-electrode.  The preliminary data suggest that the 
nanoprobes thus fabricated can detect neuronal signals (Figure 4-7).  It should be noted 
that the polymer-coated probe without opening the tip failed to record signals.  
 
4.4. Conclusions and Future Work 
Nanoscale electrochemical nanoprobes have been fabricated using electron beam 
deposition on the tips of micro-sized electrodes. The electrically conductive and 
electroactive region is limited to the extreme tip of the nanoprobe by coating with 
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insulating polymer and re-opening of the coating at the extreme tip. Such a nanoprobe 
could find many important applications in cellular electrochemical measurements. The 
small size and high aspect ratio ensure that the probes can be utilized for neuron analysis 
in extremely small microenvironments, such as synaptic clefts. More experiments will be 
carried out using these novel nanoprobes to detect electric and electrochemical signals 
within neuron cells at various specific sites and in other types of cells. More experiments 
on the electrochemical study of these probes, such as the cyclic voltammetry data of the 
probes, would be carried out to determine the capacitance of these probes, their electron 
transfer rates, and overall electroactive surface area characteristics. Other experiments, 
such as the electrochemistry study of nanoprobes in known analytes before and after cell 
probing, would be helpful to further evaluate the probes for the capability of repeated 
usage. 
Another approach to fabricate nanoprobes is currently under investigation. The 
new approach involves a pipette pulling process. A glass capillary tube was put under a 
laser pipette pulling machine, and after carefully adjusting the parameters, the pipette 
with a tip in nanometer scale could be obtained. Figure 4-8 shows the SEM images of 
pulled glass pipettes with tips about 200 nm in diameter. The pipettes shown in Figure 4-
8 are hollow inside. Currently the tip diameter can be brought down to less than 150 nm. 
Two proposed methods are under study: 1) fill the glass pipettes with liquid gold before 
pulling. This liquid gold will turn into solid gold at high temperature above 500 °C. Since 
the pipette pulling process is carried out at 600 °C, a thin layer of solid gold will form at 
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that temperature.  It is expected that under the pipette pulling condition, a thin continuous 
gold film could be obtained inside the pipette. 2) After the capillary glass pipettes are 
pulled under laser, electroplating of silver on the inside of the capillary tubes will be 
carried out. Thus, a thin layer of silver film will cover the inside of the pipettes. Both 
proposed methods aim at making similar nanoprobes to those discussed in this chapter, a 
tip with a diameter less than 100 nm, which is nonconductive outside, conductive inside, 
and the electroconductive area is limited to the extreme tip. We have carried out 
preliminary experiments with this pipette pulling process. However, the results are not 
conclusive yet. Further experiments are ongoing in the lab. 
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Figure 4- 1.  Schematic illustration of nanoprobe fabrication. The process consists of 
three steps: (1) growth of the probe at apex of a metal wire by electron beam deposition; 
(2) insulating the probe by coating with poly(oxyphenylene); (3) re-opening the extreme 
tip area to make a conductive path. (Note: components of the figures are not drawn to 
scale.) 
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Figure 4- 2. (a) The effect of the voltage series, 10, 15, 20, 25, 30 kV, respectively, from 
the left to the right in the top row; (b) the effect of electron beam current setting, 2.0, 3.0, 
5.0, 6.0, 7.0, respectively, from the left to the right; (c) the effect of deposition time, 2, 3, 
4, 5 min in the bottom row; (d) the effect of the residual gas composition in the vacuum 
sample chamber, one drop of diffusion pump oil in acetone (1:10) was added onto the 
sample before tip growing. 
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Figure 4- 3. Various views of typical electron beam deposited tips grown on (a-c) gold 
wires and (d-f) nichrome wires of 25 µm in diameter. 
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Figure 4- 4. Typical electron beam deposited nanoprobes grown on tungsten 
microelectrodes with 2 µm in the tip diameter.  
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Figure 4- 5. Current versus time profile during coating of anode from 50 mM phenol 
solution. 
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Figure 4- 6.  SEM micrographs showing the tips after polymer coating: (a) multiple tips 
on one tungsten microelectrode; (b) one tip on one tungsten microelectrode. 
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Figure 4- 7.  Records of excitatory postsynaptic potential (EPSP) via nanoelectrode in a 
mouse hippocampal brain slice.  EPSP were recorded using the nanoelectrode during the 
positive pulse (a) or negative pulse stimulation (b) delivered to presynapses in the brain 
slice. 
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Figure 4- 8. SEM micrographs showing glass pipettes pulled under laser.  
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Chapter 5. Mössbauer Studies of Novel Oxygen-Bridged Compounds Stabilized in 
the Solid Matrix of β-Iron(II) Phthalocyanine  
 
 
5.1. Introduction 
Phthalocyanines can acquire several polymorphic forms of which α and β are 
fairly well characterized.1-4 The β-form exists as large needle-like crystal, and the α-form 
usually exists as very fine powder.5 The difference in the α- and β-polymorphs lies 
essentially in the orientation of the flat molecules with respect to the crystallographic 
axes, where the perpendicular distance between the planes of molecules remains about 
the same, i.e., 3.4 Å.6 Figure 5-1 shows the schematical representation of the arrangement 
of the molecules in the α- and β-polymorphs of the metal phthalocyanines. The 
inclination of the molecular stacks in the α-form is much less than that in the β-form. The 
distance between the central metal atoms in the adjoining stacks is about 3.8 Å in the α-
form and about 4.8 Å in the β-form. In the β-polymorph, the nitrogen atoms of the 
neighboring molecules are present axially above and below the central metal atom at 
about 3.4 Å. In the α-form, the nitrogens of the nearest molecules are not in axial 
positions.  
An oxygen ambient is known to greatly increase both the dark-, and the photo-
conductivity of phthalocyanines.1,2 In several cases, O2 can be reversibly desorbed by 
thermal treatment under vacuum. For instance, it has been shown that O2 diffuses into a 
single crystal of lead(II) phthalocyanine on thermal treatment at 230 ºC for 10 hours. The 
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dark conductivity of oxygenated Pb(II)Pc is observed to be three orders of magnitude 
higher than that for the untreated material. This was attributed to O2 molecules accepting 
electrons from neighboring Pb(II)Pc molecules and thereby injecting holes. When the 
material was baked under vacuum, O2 was desorbed and complete reversibility was 
observed.1,2  
Oxygen is supposed to be introduced in the interlayers of metal phthalocyanines. 
Since the oxygen is expected to be coordinated by the iron atoms of the Fe(II)Pc, 
Mössbauer spectroscopy is a useful tool to monitor the oxygenation process. The 
Mössbauer parameters, isomer shifts (δ) and quadrupole splittings (∆), for the β-
polymorphs of Co(II)Pc and Fe(II)Pc are larger than the ones observed for the α-form 
because of the interaction of the central metal atom with the axial nitrogen atoms.7,8  
Fourier transform infrared (FTIR) absorption spectroscopy offers the advantages of 
identifying the polymorphs as well as providing information on oxygen absorbed 
species.9,10  
A highly purified metal phthalocyanine can be obtained by repeated sublimation 
under vacuum.11,12 In this chapter, crystallization process of phthalocyanine was studied 
by sublimation. A sublimation apparatus in which a high temperature (300 ºC) remains 
constant over a long condensation region has been developed. We also investigated the 
chemistry of oxygen interaction with β-Fe(II)Pc. The materials were oxygenated under 
O2 flow in the dry state or suspended in water at different temperatures. Oxygen has been 
diffused into the interplanar spacings of solid iron phthalocyanines at relatively low 
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temperature. Mössbauer spectroscopy, IR spectroscopy and X-ray diffractometry were 
used to study the structures.  Some interesting oxygenated species have been obtained in 
the solid phase. Most of the oxygen adducts stabilized in the solid matrix either do not 
exist at all in solution or constitute only transient intermediates. Complex Mössbauer 
spectra were obtained which could be fit with four or more different species.  
 
5.2. Experimental 
5.2.1. Materials 
Iron(II) phthalocyanine (Fe(II)Pc, Alfa Aesar, 95% β-FePc), lead(II) 
phthalocyanine (PbPc, 99%, Pfaltz & Bauer, Inc., Lot# 113049-1), cobalt(II) 
phthalocyanine (CoPc, 97%, Aldrich), and 29H, 31H- phthalocyanine (H2P, 98%, Aldrich) 
were used for sublimation studies. Oxygen and argon (Grade 5.0) were obtained from 
BOC GASES. 
 
5.2.2. Sublimation of Phthalocyanine 
A sublimation apparatus in which a high temperature remains constant inside and 
outside a tubular furnace over a long condensation region has been developed. Pure 
iron(II) phthalocyanine was obtained by vacuum sublimation. Commercial β-Fe(II)Pc  
was heated in a small quartz crucible at 400 ºC in a tubular furnace under good vacuum. 
The gas pressure was kept at less than 0.1 Torr by using a diffusion pump. Ultra pure 
argon was used to purge the system before heating. The sublimate was collected outside 
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the furnace where the temperature was controlled at 300 ºC by using a heating tape. PbPc, 
H2Pc, and CoPc were also sublimed under similar conditions, except the temperature was 
set slightly lower, 350 ºC inside the furnace and 250 ºC in the collection area outside the 
furnace. A small amount of white crystals were observed near the liquid nitrogen trap, 
which indicated that some decomposition took place.  After 4 to 6 hours, black, ash like 
residue was left in the crucible, and purple, shiny, needle-like crystals were collected on 
the wall of tube. 
Pure α–form Fe(II)Pc was also obtained by vacuum sublimation by using a ‘cold 
finger’ condenser as the collection area. Cold tap water was run through the ‘cold finger’. 
The sand bath was preheated to 350 ºC. Then the bottom of the vacuum sublimation tube 
containing commercial Fe(II)Pc was placed into the hot sand bath. Blue powder 
accumulated on the ‘cold finger’ within a few minutes. The tube was removed from the 
sand bath after ten minutes. The blue powder on the ‘cold finger’ was collected and was 
found to be pure α–form Fe(II)Pc using IR and XRD. It should be noted that prolonged 
exposure to heat (over 300 ºC) would convert the blue powder α–form Fe(II)Pc to shiny 
purple crystals of β-form Fe(II)Pc.  
 
5.2.3. Oxygenation of Phthalocyanine 
The sublimed β-Fe(II)Pc sample was oxygenated by bubbling oxygen in aqueous 
suspension, or heated in the dry state under O2 flow at relatively low temperature. The 
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sample was heated in the dry state under O2 flow in a tubular furnace at 50 ºC for 3 weeks. 
Samples were also oxygenated in aqueous suspension at 50 ºC for 3 weeks and 6 weeks, 
respectively. In comparison, samples were also treated with ultra pure argon by bubbling 
argon in aqueous suspension at 50 ºC for 3 weeks as a control, in order to further 
understand the oxygen diffusion mechanism. Samples are denoted as below: 
A.  Fe(II)Pc, dry, O2, 50 ºC, 3 weeks; 
B.  Fe(II)Pc, H2O, O2, 50 ºC, 3 weeks; 
C.  Fe(II)Pc, H2O, O2, in darkness, 50 ºC, 3 weeks; 
D.   Fe(II)Pc, H2O, O2, 50 ºC, 6 weeks; 
E.   Fe(II)Pc, additional Ar treatment, H2O,  50 ºC, 3 weeks, of above sample D to 
check on stability of oxygen adducts. 
F.   Fe(II)Pc, Ar, H2O, 50 ºC, 3 weeks; 
G.  Fe(II)Pc, Ar, H2O, in darkness, 50 ºC, 3 weeks; 
The sample, which was heated in the dry state under O2 flow at 50 ºC for 3 weeks, 
is designated as A. Samples oxygenated by bubbling oxygen in aqueous suspension at 50 
ºC for 3 weeks in light and darkness are designated as B and C, respectively. The sample 
oxygenated in aqueous suspension at 50 ºC for 6 weeks is designated as D. Sample D 
further treated by bubbling ultra pure argon in aqueous suspension at 50 ºC for 3 weeks is 
designated as E. The samples treated by bubbling argon in aqueous suspension at 50 ºC 
for 3 weeks in light and darkness are designated as F and G, respectively. All the samples 
in aqueous suspension were dried in air at room temperature after filtration and then kept 
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in a dessicator before testing. α–form Fe(II)Pc was also oxygenated in dry state and in 
water at 50 ºC for 3 weeks. However, α–Fe(II)Pc was quite fluffy and light. All the 
crystals tended to float on the surface of water. The aqueous suspension of the material 
could not be maintained during the 3 weeks oxygenation. All the samples were 
characterized using Mössbauer spectra, IR, and XRD. 
PbPc was oxygenated in dry state at 100 ºC for 24 hrs, followed by 150 ºC for 
another 24 hrs, then 200 ºC for 14 hrs. Sublimed pure PbPc crystals and its oxygenated 
sample, along with sublimed H2Pc, oxygenated H2Pc in dry state at 200 ºC for 2 weeks, 
oxygenated H2Pc at 100 ºC for 1 week, and oxygenated H2Pc in aqueous suspension at 80 
ºC for 3 weeks, were sent to collaborators at Los Alamos National Lab for 
superconductivity tests.  
Sublimed H2Pc was oxygenated in dry state at 200 ºC for 2 weeks. This sample, 
along with sublimed pure H2Pc crystals and oxygenated Fe(II)Pc in aqueous suspension 
at 50 ºC for 3 weeks, was sent to Dr. Landolph at the University of Southern California 
for toxicity tests on mice. It has been shown that oxygenated samples have slightly 
increased toxicity relative to the pure samples. Further studies of toxicity are still going 
on. 
Pure sublimed β–form CoPc was oxygenated in dry state and in aqueous 
suspension, both at 50 ºC for 3 weeks. These samples were given to Dr. Som Tyagi, 
Department of Physics, Drexel University, to the check magnetic properties.  
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5.2.4. Instrumentation and Characterization 
57Fe Mössbauer spectra of pristine β-Fe(II)Pc and its oxygen adducts were 
recorded in the regular constant acceleration mode in the temperature range of 78 to 300 
K. A 57Co(Rh) source was used to supply the γ-rays. The isomer shifts are reported with 
respect to α-iron measured at room temperature. MOSSWIN program was used for 
computer fitting of the complex Mössbauer spectra. 
X-ray diffractograms of the pristine β-Fe(II)Pc and its oxygen adducts were 
recorded by a computer assisted DRON-2 diffractometer using CoKα radiation and β 
filter. IR measurements were also made on all samples. Infrared spectra of KBr powder-
pressed pellets were recorded on a Perkin-Elmer Model 1600 FTIR spectrophotometer. 
 
5.3. Results and Discussion 
After sublimation, a sufficiently pure β-form phthalocyanine was obtained. As 
shown in Figure 5-2, long needle-like crystals, which are typical for β-polymorph, were 
seen with an optical microscope. The sublimate was also characterized by powder X-ray 
diffractometry (XRD), IR and Mössbauer spectroscopy, and shown to be pure β-Fe(II)Pc. 
The Mössbauer parameters correspond well to the literature data.13 The XRD reflects a 
pure β-Fe(II)Pc structure for the compound, which was used as the starting material of 
oxygenation procedures.  
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Pure α–form Fe(II)Pc was obtained after vacuum sublimation. The β-polymorph 
crystals were collected at high temperature (350 ºC), while α–form Fe(II)Pc powder was 
collected at low temperature (around 20 ºC, cooled with cold tap water). The difference 
between the two polymorphs can be clearly seen with the help of IR spectra. The peak at 
780 cm-1 indicates the β-polymorph, while the peak at 770 cm-1 indicates the α–
polymorph. 
Oxygen was diffused in the β-Fe(II)Pc in the dry state and in an aqueous 
suspension at 50 ºC for several weeks. The Mössbauer spectra for the starting pure β-
Fe(II)Pc, as well as for the oxygenated samples were measured at room temperature (RT) 
and 80 K.  Different intensities and different kinds of species were observed on 
Mössbauer spectra. The Mössbauer spectra show the formation of oxygenated species 
apart from the unoxygenated parent compound. Stereochemical constraints imposed in 
the solid resulted in the formation of 4 new oxygenated species, two of which partially 
transform (reversibly) into the other two. The possible configurations of the 4 new 
oxygenated species are shown in Figure 5-3. The oxygen-bridged compounds formed in 
the solid matrix bear no resemblance to the one formed by solution chemistry.14 It is 
apparent that the compounds were formed by the oxygen molecules diffusing in the 
interlayer spacings of the stack of flat molecules.  
One of the doublets (shown in blue color in all the Mössbauer spectra listed in this 
chapter) has the Mössbauer parameters identical to those obtained for the pristine 
compound within experimental error. Species II is shown in yellow color, species III is 
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shown in aqua color, species IV in green and species V in violet. Interestingly, species II 
and III have similar isomer shifts δ, but different quadrupole splittings ∆, δ ≅ 0.4 mm/s 
and ∆ ≅ 1-1.2 mm/s and 0.6-0.8 mm/s, respectively, at room temperature (RT). Again 
species IV and V have the same δ, but different ∆. One intriguing observation is that 
species IV and V seem to convert reversibly to species II and III at higher temperatures, 
i.e., room temperature (RT).   
The Mössbauer parameters of all the four oxygen adducts are consistent with 
Fe(III) high spin configuration.14,15 Species II and III are probably 5-coordinate, however, 
species IV and V have considerably smaller isomer shifts associated with not too large ∆ 
are indicative of six-fold coordination. Six coordinate Fe(III) high spin compounds for 
phthalocyanine have not been reported earlier.15 The solid matrix tends to stabilize 
species which would ordinarily be regarded as unstable.  
Five coordinate Fe(III) in species II and III is likely to be displaced from the plane 
of the ring. Despite the cell contraction and the out of plane displacement of the Fe atom, 
the Fe-O-Fe oxo-bridge formation would involve some stretching of bonds. However, 
species similar to III and V have been observed as an intermediate,16,17 as well as in a 
peroxo compound.18 For species IV and V, interaction of O2 at the sixth coordination site 
to form a superoxo compound is rather weak. At higher temperature (RT) the diatomic 
oxygen, either end-on or side-on, is detached from the sixth axial position and becomes 
free to migrate. On lowering the temperature, any O2 molecules floating in the vicinity of 
Fe(II) of species II and III are captured. Chemical analysis shows that oxygen is present 
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in great abundance indicating the presence of several O2 molecules unattached to Fe even 
at 80 K. The detachment of O2 is reflected in the decrease of abundance of species IV and 
V and corresponding increase in abundance of species II and III at RT. This 
interconversion is rather small in the oxygenated compound, which has undergone dry 
thermal treatment.   
Figure 5-4 shows Mössbauer spectra of samples oxygenated at 50 ºC for 3 weeks 
under dry (a) vs. wet (b) conditions, samples A and B respectively. The Mössbauer 
spectra for sample A can be fit with three different species, including the parent β-
Fe(II)Pc, while the Mössbauer spectra for sample B can be fit with five different species, 
including the parent β-Fe(II)Pc. It is very clear to see that water facilitates interlayer 
oxygen diffusion. The area of oxygenated species is much larger in sample B than that in 
sample A. We conclude that oxygen diffuses much more rapidly in the presence of water 
because water molecules tend to expand the intermolecular spacings, allowing rapid 
diffusion of O2. (The cell constants measured by XRD show the swelling in the presence 
of H2O. On the other hand, oxygenation induces shrinkage of the cell volume.) 
Figure 5-5 shows Mössbauer spectra of samples oxygenated at 50 ºC under wet 
conditions for 3 weeks (a) vs. 6 weeks (b), samples B and D respectively. Preferential 
growth of 6-coordinate species upon continued oxygenation was observed, as the area 
fraction of 6-coordinate species is larger in sample D than that in sample B. It shows that, 
when the oxygenation is carried out at 50 °C in aqueous suspension, or in the dry  state, 
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for prolonged periods, then two additional oxygen adducts are formed and a larger 
fraction of the compound is oxygenated. 
Figure 5-6 shows the temperature dependence of Mössbauer spectra of sample D, 
oxygenated at 50 ºC for 6 weeks under wet conditions, (a) taken at room temperature and 
(b) taken at 80 K. By comparing the spectra taken at different temperatures, it is clear that 
6-fold coordination is preferred at low temperatures, as the area fraction of 6-coordinate 
species is larger in Figure 5-6(b) than that in Figure 5-6(a). Also, there is one more 
interesting observation: area fraction of the pristine FePc increased upon cooling, since it 
is larger in Figure 5-6(b) than in Figure 5-6(a). The comparison is shown in Figure 5-7. 
One can see quite clearly an evidence of interconversion of oxygen adducts as a function 
of temperature. 
The XRD of the materials, obtained as a result of the oxygenation process, shows 
that the monoclinic structure is preserved during the oxygenation process, and extra 
diffraction lines appeared due to oxygenation. The relative intensities of lines have also 
changed. The differences between the patterns can be due to a texture effect and/or to the 
metastability of the materials. One can observe considerably increased background due to 
lack of coherence resulting from a breakdown of long range order, presumably because of 
inhomogeneous distribution of oxygen. Some broadening of lines is also observed for the 
same reason. 
The decrease in the relative intensity of the lines in samples A and B (shown in 
Figure 5-8) compared to those in samples D and G (shown in Figure 5-9), can indicate 
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less crystallinity, or some degradation of the samples. The effect of texture cannot be 
entirely excluded, either. 
The Mössbauer spectra of oxygenated samples also showed the cooling effect (as 
shown in Figure 5-10). On cooling, one oxygenated species converts into another 
reversibly. There are indications that it is associated with high- spin to low-spin cross-
over. Surprisingly, the cross-over is incomplete and exhibits thermal hysteresis. Rapid 
chilling leads to a smaller degree of conversion, which is indicative of cooperativity. The 
observed effects may be due to contraction of interlayer spacing due to Fe-O-Fe and Fe-
O-O-Fe bonds. 
Thermal treatment at 50 ºC under Ar flow does not result in breaking up of the 
oxygen-bridged species. Our tentative assignment is a five-coordinate oxygen-bridged 
species. A superoxo group is linking two neighboring Fe(III) atoms with some stretching, 
which results in iron atoms being slightly outside the  plane of the conjugated 
phthalocyanine ring. There seems to be more tension in the oxygen bridge when the 
interplanar spacing is large. When it contracts due to a higher degree of oxygenation, then 
the thermal hysteresis in spin cross-over vanishes. 
It may be pointed out that the area fraction for each species is only approximately 
related to the abundance of the species. For a complete equivalence, one has to assume 
that the fractions of recoil-free events for each species at any specified temperature are 
the same. The fractions of recoil-free events are determined by how strongly the iron 
atom and the molecule incorporating the iron atom are bound to the neighbors. In a 
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general way, one would expect that the five-coordinate domed iron atom would be 
somewhat less strongly bound than the four and six coordinate ones where the ring is 
planar. However, the higher the concentration of oxygen between the planes, the more 
strongly would they be bound.  It is interesting to note that the relative area of  β-Fe(II)Pc 
is observed to be higher at room temperature (RT) as compared to 80 K for all samples.  
It suggests that  Fe(II)Pc has higher recoil-free events (i.e., higher Lamb-Mössbauer 
factor) as compared to the oxygen adducts, which manifest itself as an “apparent” 
increase in its relative abundance at RT.  
The assignment of different species receives support from the IR spectra of the 
oxygenated compounds. In Figure 5-11, by comparison of the two spectra, one can see 
that noticeable changes occur in the 1600-1740 cm-1, 1200 cm-1 and the 890 cm-1 region. 
The first region can be ascribed to diatomic oxygen physisorbed to the phthalocyanine 
rings, second to superoxo attachment in a coordinate position (either end-on or side-on), 
and the third region is due to Fe-O bridging.19  
DSC was used to study all the oxygenated samples in the range of -80 ºC to 25 ºC. 
No phase transition was observed in this range except a small peak around 4-6 ºC for 
samples oxygenated in aqueous suspension. This small peak might be due to a trace 
amount of water left in the samples. More experiments and Mössbauer measurements are 
still going on in our lab and our collaborators’ lab. We will be able to explain all the 
interesting observations when more tests are done in the near future. 
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5.4. Conclusions 
In summary, we find novel oxygen adducts are stabilized in the solid matrix of β-
Fe(II)Pc. Some tentative assignments of the species are made on the basis of their 
Mössbauer parameters. The assignments receive support from IR spectra. At least 4 new 
species formed upon oxygenation, which include 2 new 6-coordinate and 2 new 5-
coordinate species. An intriguing observation is that species IV and V (6-coordinate) 
seem to convert reversibly to species II and III (5-coordinate) at higher temperatures, i.e., 
RT.  From Mössbauer spectra one can see quite clearly an evidence of interconversion of 
oxygen adducts as a function of temperature. 6-coordinate species are preferred at higher 
oxygenation degree and at low temperature, which might be due to the localization of 
floating oxygens. Cooling rate dependent stabilization between RT and 80 K were also 
evidenced by Mössbauer spectra.  
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Figure 5- 1.  Schematic representation of the arrangement of the molecules in the beta (a) 
and alpha (b) polymorphs of the metal phthalocyanines. 
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Figure 5- 2. Microscope image of β-FePc. (scale bar: 50 micrometers.) 
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5-coordinate species: 
 
 
 
           µ-Oxo bridged FeIIIPc                      µ-peroxo bridged FeIIIPc 
                   Species II                                                Species III 
 
6-coordinate species: 
 
 
 
                     Oxygen adduct                                Oxygen adduct 
                         Species IV                                          Species V 
 
 
 
 
Figure 5- 3. Suggested structures of species found in oxygenated β-FeIIPc.  In the six-
coordinate species (upper Fe), end-on or side-on positions of the dioxygen ligand may be 
possible for both the µ-oxo and the µ-peroxo form. 
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Figure 5- 4. Mössbauer spectra of samples oxygenated at 50 ºC for 3 weeks under dry 
(top) vs. wet (bottom) conditions. 
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Figure 5- 5. Mössbauer spectra of samples oxygenated at 50 ºC for under wet conditions 
3 weeks (top) vs. 6 weeks (bottom). 
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Figure 5- 6. Mössbauer spectra of samples oxygenated at 50 ºC for 6 weeks under wet 
conditions, temperature dependence: (a, top) room temperature and (b, bottom) 80 K. 
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Figure 5- 7. Change of the relative abundances from 80 K (blue) to RT (purple). 
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Figure 5- 8. XRD of the oxygenated phthalocyanine samples A (top) and B (bottom). 
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Figure 5- 9. XRD of the oxygenated phthalocyanine samples D (top) and G (bottom). 
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Figure 5- 10. Mössbauer spectra of samples oxygenated at 50 ºC under wet conditions for 
3 weeks, effect of cooling rate: top RT, bottom 80 K. 
 
 
 
 
 
 
 
 
 
 
  
164
 
 
 
2000 1800 1600 1400 1200 1000 800 600
16
18
20
22
24
26
28
Tr
an
sm
itt
an
ce
Wave number / cm-1
8
10
12
14
16
18
20
 
 
 
 
Figure 5- 11. Infra-red spectra of pristine β-FePc (top) and oxygenated β-FePc (bottom, 
sample D). 
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Chapter 6.  Studies on New Applications of Aniline Trimer and Others 
 
 
6.1. Introduction 
For their conductive and anti-corrosive properties, polyaniline and aniline 
oligomers have been widely studied for their applications in electronics, 
electromechanical devices,1,2 anti-corrosion coatings,3,4 biosensors,5,6 etc. In 1996, our 
group reported a facile synthesis of aniline oligomers by one step oxidation of aniline 
with compounds such as p-phenylene diamine.7 The aniline trimer, N, N’-bis(4’-
aminophenyl)-1,4-phenylenediamine, has been synthesized. This synthetic scheme could 
be used to synthesize a variety of oligomers for preparing new polyaniline derivatives.8,9 
Conducting polymer, especially polyaniline, has attracted a great deal of attention 
in the new field of nanoelectronics.10,11  We are interested in the fabrication of electronic 
devices from single molecules. Polyaniline has a few advantages, such as mechanical 
flexibility and environmental stability, which made this polymer nanowire an ideal choice 
as building blocks for the ultra miniaturized nanoelectronic devices. Furthermore, the 
conductivity of polyaniline can be controlled chemically. It has been studied as potential 
nanowire, even single molecule wire, in the fast developing nano technology. However, 
polyaniline sometimes is not an ideal model compound for practical applications because 
of its limited processibility. Aniline oligomers, particularly those containing three to eight 
aniline units, exhibit well defined structures and high chemical purity, which are 
desirable in electronic or optical applications. A series of electroactive oligomers with 
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various lengths, such as N, N’-bis(4’-aminophenyl)-1,4-quinonenediimine and N, N’-
bis(4’-mercaptophenyl)-1,4-phenylenediamine, have been prepared in our group. A very 
dilute solution of trimer in acetonitrile was applied on the nanoelectrode instead of 
polyaniline followed by evaporation of the solvent. It was expected that the surface 
would be sparsely covered with individual molecules of trimer.  Interestingly, some sort 
of nanostructure, e.g., “nano-pancake” shape aggregation from trimer molecules, was 
formed on the surface of the nanoelectrodes .  The mechanism of this aggregation is not 
fully understood. Experiments were designed to further investigate this “nano-pancake” 
phenomenon in this chapter.  
In this chapter, efforts on modification of aniline trimer were also reported. The 
amine end groups of aniline trimer can react with many chemicals. The modification of 
aniline trimer was designed in two ways: 1) by adding thiol group(s) to one or both ends, 
which has a potential use in making single molecule nanojunctions between two gold 
nanoelectrodes, because of thiol group’s readiness to react with gold electrodes; 2) by 
introducing long n-alkyl chain(s) to one or both ends of the trimer in an effort to make 
novel electroactive surfactant molecules, which would allow controlled self-assembly 
under proper conditions. Research efforts have been made to find suitable conducting 
oligomers for nano size electronic devices. 
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6.2. Experimental 
6.2.1. Trimer “Nanopancakes” 
Trimer was reduced by 30% aqueous hydrazine to afford a pure reduced form. 
0.15 g trimer was mixed with 50 mL 30% aqueous hydrazine, and refluxed at 115 °C 
under N2 protection for one hour. Small flaky crystals were formed when the reaction 
mixture was cooled down. After filtration under N2 protection (inside a glove box), the 
crystals were washed with a large amount of distilled water. The crystals were then 
collected and kept in a vacuum oven. (ES-MS: M/e 290.) The purified trimer was used in 
the study as potential nanowire or single molecular wires. 
A current was run through a gold wire lying on top of an aluminum wire sitting on 
a piece of silicon oxide chip until the gold wire broke, leaving a gap of 1-2 nm.  This is 
called nano “breakjunction”. This research project was collaborated with Prof. Dan Ralph, 
Department of Physics, Cornell University. The detailed fabrication procedure of this 
kind of device has been reported by his group.12,13 Molecules present on the chip surface 
would get pulled into the gap created by the breaking wire so that current flow through 
individual molecules could be often measured.  Polyaniline solution was studied 
previously. As a new process, trimer was employed in the single-molecular wire study. 1 
mM solution of trimer in acetonitrile with 0.1 M acetic acid as doping reagent was 
deposited on one of the chips; after the solution evaporated, the surface would be sparsely 
covered with individual molecules of trimer.  There would be a chance for some trimer 
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molecules to fall into the nano gap. However, “nano-pancake” shape aggregation from 
trimer molecules was observed on the top of nanoelectrodes under AFM.   
To further explore the “nano-pancake” forming mechanism, the following 
experiments were designed. 1*10-3 mM trimer solution in ethyl acetate and ethanol was 
used to study the formation of nano structures. 1 mM trimer solution in ethyl acetate and 
ethanol was used as high concentration comparison. One tiny drop (5 µL) of each 
solution was added on top of a piece of graphite (5 mm*5 mm). All samples were dried in 
air before taking SEM pictures. All pictures were taken using Philips XL-30 ESEM. For 
doping, 5 µL of 0.1 M acetic acid was added to each sample listed above. Doped samples 
were also air dried before taking SEM images. 
 
6.2.2. Modification of Aniline Trimer 
The modification of aniline trimer was prepared by a Schiff base reaction. 
Chlorine substituted trimer was prepared first. Thiol group was introduced later by 
substitution of chlorine. As a typical synthesis procedure, 0.3 g trimer dissolved in 10 mL 
ethanol were added into a 50-mL round bottom flask. P-chlorobenzaldehyde dissolved in 
5 mL ethanol was added into the flask dropwise within 1 hr. Brownish precipitate 
appeared after 4 drops of Ti(OEt)4 were added into the flask. The mixture was kept under 
vigorous stirring for one day. The yellow-brown precipitate was filtered through a 
Büchner funnel under a reduced pressure. The filter cake was washed with ice-cold 
ethanol, water, then ice-cold ethanol. The yellow-brown solid was then collected and kept 
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in a vacuum oven. The Schiff base product formed from trimer had a solubility problem. 
The yellow-brown solid did not dissolve in any common organic solvent, such as acetone, 
methanol, ethyl acetate, chloroform, DMSO, etc. Na2S was designed to react with the 
above reaction mixture to afford a thiol group modified trimer. After refluxing for 24 hrs, 
a dark brown precipitate was formed. Again, the solubility problem still existed, thus 
characterization of the new compounds were very difficult.  
An attempt was made to add long n-alkyl chain(s) onto one or both ends of the 
trimer. In an effort to make novel electroactive surfactant molecules, the trimer was 
reacted with octadecyl isocyanate (CH3(CH2)17—N=C=O, d. 0.847) through Schiff base 
reaction. 288 mg trimer dissolved in 10 mL ethanol were mixed with 200 mg octadecyl 
isocyanate dissolved in 10 mL ethanol in a 50-mL round bottom flask. The color of the 
reaction mixture changed from purple to brown in 6-8 hrs. The reaction was continued 
for 10 more hours and monitored using TLC. The brown mixture was filtered, and 
washed with ethanol. Brown shiny crystals were collected and kept in a dessicator. The 
compounds were characterized by mass spectroscopy with satisfactory results. 
 
6.3. Results and Discussion 
Atomic Force Microscopy (AFM) scans of the surface of a chip before and after 
adding the trimer solution are shown in Figure 6-1. The “breakjunction” is seen 
horizontally in the image and is made of gold.  The vertical stripe which passes 
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underneath the wire is made of aluminum, which has a native oxide layer on top.  Both 
rest on silicon oxide.  After 1 mM solution of trimer in acetonitrile with 0.1 M acetic acid 
as doping reagent was deposited on the chip, the trimer molecules bunched up to form 
"pancake" like shapes on the surface, about 500 nm in diameter and ~20 nm in height (as 
shown in Figure 6-1, bottom). The trimer could be aggregating in the solution, or it 
comes together on the surface of the chip after the solution was evaporated.  
Similar discrete nanoparticles were also reproduced on a graphite surface. Figure 
6-2 shows SEM images of 1*10-3 mM trimer. No “nano-pancakes” formed in ethyl 
acetate. But in ethanol, evenly distributed nano particles were observed all over the 
graphite surface. Most particles were less than 500 nm. The only difference was the 
solvent. So it can be concluded that solvent can affect the particle forming process. It 
may be due to different solvent evaporation rate or different surface tension. SEM images 
of high concentration trimer didn’t show the nano structures in either ethyl acetate or 
ethanol (as shown in Figure 6-3). Instead, crystal structure can be seen. When the 
concentration is high, after solvent evaporates, bigger crystals are formed instead of 
nanoparticles. So, we concluded that concentration also has an effect on the particles 
forming process. 
After doping with one tiny drop (5 µL) of 0.1 M acetic acid, the sample of 1*10-3 
mM trimer in ethyl acetate did not show any nanoparticle formation. The graphite surface 
seemed to be a little etched away by acid. After doping, the previous nanoparticles 
formed in a sample of 1*10-3 mM trimer in ethanol disappeared. But things were different 
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with high concentration samples. With 1 mM trimer in ethyl acetate sample, some 
particles formed, which were not seen before acid doping (Figure 6-4). With 1 mM trimer 
in ethanol, the crystal structure was maintained after acid doping. It appears that, 
depending on the conditions (solvent, concentration), doping could also help the 
nanoparticle formation. 
The experiments showed that solvent, concentration, and acid doping all have 
some effect on the nano particles forming process, though we were not able to fully 
understand the mechanism of the formation of “nano-pancakes”. This aggregation might 
be due to hydrogen bonding. We are further studying this interesting phenomenon for two 
purposes, i.e., to develop a simple method for making electroactive nanostructures, and to 
avoid such aggregation in the attempt of bridging nano gaps for single molecule 
electronic applications. 
The modification of aniline trimer through Schiff base reaction was carried out to 
add a thiol group or a long n-alkyl chain onto trimer. Solubility tests showed that the 
compounds did not dissolve in common organic solvents, such as acetone, methanol, 
dichloromethane, DMF, DMSO, etc. Trimer reacted with octadecyl isocyanate 
(CH3(CH2)17—N=C=O, d. 0.847) through Schiff base reaction.  Multiple alkyl chains 
(C18) were detected based on mass spectra, although one-to-one ratio starting materials 
were used. This result is consistent with the previous work reported by our group.14 FAB-
MS (Figure 6-5) showed three major peaks: 1) M+H+ 1177.4, three substituted long n-
alkyl (C18) chains, calculated 1177; 2) M+H+ 881.2, two substituted long n-alkyl chains, 
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calculated 881; 3) M+H+ 585.6, one substituted long n-alkyl chains, calculated 585. 
Because of the low solubility in organic solvent, acid or base, 1H NMR wasn’t able to 
obtain identifiable peaks even after 1000 scans.  
 
6.4. Conclusions 
 
Nanostructured trimer aggregation was observed when dilute solution was 
deposited on nano electronic devices. The diameters of “nano-pancakes” were less than 
500 nm. This phenomenon was further studied by varying concentration, solvent, and 
doping agent. The experiments showed that solvent, concentration, and acid doping all 
had some effect on the nanostructure forming process. When concentration was higher, 
crystal structure with a few micrometers in diameter formed. 
Thiol groups and long n-alkyl chains were added to trimer. The modified 
compounds did not dissolve in common organic solvents. Mass spectra showed that 
multiple alkyl chains were added onto trimer, such as 1-substitued, 2-substitued, 3-
substituted trimer. 
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Figure 6- 1. AFM images of the nanojunctions before (top) and after (bottom) deposition 
of the aniline trimer. 
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                              a                                                                     b 
 
 
                              c                                                                      d         
 
 
Figure 6- 2. SEM images: a) No “nano-pancakes” formed in ethyl acetate at low 
concentration. b) “Nano-pancakes” were formed in ethanol at low concentration. c) and 
d). Higher magnification SEM images of “nano-pancakes” formed in ethanol. 
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Figure 6- 3. a) SEM image of trimer in ethyl acetate at high concentration. b) Crystal 
structure can be seen on the SEM image of trimer in ethanol at high concentration. 
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Figure 6- 4. SEM images of trimer solution after doping: a) in ethyl acetate, round 
particles were observed; b) in ethanol, crystal structure was observed. 
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Figure 6- 5. Mass spectrum of sample long alkyl chains (C18) substituted trimer. 
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Chapter 7. Conclusions 
This thesis includes a few studies on the fabrication of nanoprobes, the synthesis 
and applications of novel nanostructured materials, and solid chemistry of 
phthalocyanines. The work consists of four major areas. One is nanostructured porous 
materials. By extending the newly developed nonsurfactant templating sol-gel method, 
we have further demonstrated its outstanding versatility, including various synthetic 
routes using different novel templates. In addition, new applications of the nonsurfactant 
templated sol-gel materials have been explored in the field of drug delivery and 
molecular imprinting. The second area of my research is to fabricate nanoprobes which 
could be used to detect neuron signals. The third is the study of solid state materials 
based on phthalocyanines. The last area is to study the nano structured “pancake” shaped 
aggregation from aniline trimer.  
 
7.1. Nanostructured Porous Materials 
A novel nonsurfactant templated pathway to synthesize mesoporous materials has 
been developed in our lab. One of the objectives of this thesis study was to extend this 
nonsurfactant approach to develop nanostructured porous materials, and to explore some 
new potential applications, such as controlled drug release and molecular imprinting. 
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7.1.1. Novel Templates for Nanostructured Porous Materials 
Novel templates have been developed to prepare nanostructured porous materials 
through nonsurfactant templated pathway. Many small organic compounds were studied 
as the nonsurfactant template molecules. Mesoporous materials have been obtained by 
using commercially available sugar substitutes, like saccharin and aspartame, as 
templates. Also, a few sublimable compounds, such as camphor, p-dichlorobenzene and 
naphthalene, can be employed as a new type of template. The sublimable templates can 
be efficiently removed with a low temperature treatment at 200 ºC, and some even at 
room temperature. Template containing silica materials have been synthesized through 
acid-catalyzed sol-gel reactions of a silicon alkoxide (i.e., tetraethyl orthosilicate) in the 
presence of a template with varied concentrations from 20 to 60 wt%. Nitrogen sorption 
isotherms reveal that the mesoporous materials were obtained after the template removal 
process. The pore parameters are adjustable by simply varying the template concentration. 
Removal of the template compounds provides the silica material with large surface area 
and pore volume. The relationship between template content and pore structure has been 
investigated. The composition and pore structures were studied in detail by using IR, 
TGA, BET, TEM and XRD. These materials usually have high surface area and large 
pore volume. This study expanded the range of nonsurfactant templates to some new 
types of compounds. Sublimable compounds that can function as structure directing 
agents provide opportunities for low temperature treatment to avoid the conventional 
high temperature calcination. This mild low temperature synthetic route to prepare 
  
182
 
mesoporous sol-gel materials may offer some new applications of silica materials when 
the harsh template removal methods (high temperature treatment or repeated solvent 
extraction) are not allowed, such as biological applications wherein mild conditions are 
required. It is expected that a wider range of sublimable compounds could be used as 
nonsurfactant templates, aiming at the development of more convenient synthetic routes 
under ambient conditions. 
 
7.1.2. Applications of Nanostructured Porous Materials in Drug Releasing 
Due to the many advantages of the nonsurfactant templated pathway, such as 
environment friendly and biocompatibility, controlled release of antibiotics in the 
nanoporous materials was studied. Nanoporous silica containing antibiotics have been 
successfully prepared via the nonsurfactant templated sol-gel reactions of 
tetraalkoxysilane in the presence of fructose or PEG as the template and the antibiotics, 
including hygromycin B, mycophenolic acid and vancomycin, followed by removal of 
the template by extraction during the drug release.  The pore parameters, such as pore 
diameter, pore volume and specific area, can be tailored by varying the template 
concentration. The silica materials exhibit a large pore volume up to 1.1 cm3/g, and the 
materials have tunable pore diameters of 3-12 nm. The in vitro release properties were 
found to depend on the silica structures, which were well tuned by varying the template 
content. In the case of vancomycin, the biomaterials showed a long-term controlled 
release.  The amount of antibiotics released and the rate of releasing were dependent on 
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the silica pore parameters.  For the samples prepared with the template, most of the 
antibiotics (>85%) was released in a short time period.  In contrast, for the samples 
prepared with less or no template, only about 25% of antibiotics was released by day 15.  
Since the template provides isotropically distributed interconnected channels inside the 
silica matrix with tunable pore diameters, the releasing rate and amount were greatly 
improved.  Variation of the template content is a very simple, effective technique for the 
control of the rate and amount of drug release.  With a high antibiotic recovery and with 
the release kinetics that can be tailored with respect to the requirements for a particular 
therapeutic treatment, porous silica materials with tunable pore diameters would make a 
good controlled drug release system.  
With the mild and convenient synthetic process, the mesoporous materials with 
tunable pore parameters can be applied to some new drug delivery systems.  Besides the 
antibiotics, other drugs can be studied under similar conditions.  The releasing kinetics 
and biological activity of antibiotics can be further investigated.  New templates can be 
explored and silica materials can be prepared in new forms other than hard disks, such as 
thin film.  
 
7.1.3. Applications of Nanostructured Porous Materials in Molecular Imprinting 
The application of mesoporous materials in molecular imprinting was studied. In 
view of many unsuccessful attempts to use small chiral molecules as templates for 
imprinting amorphous silica, we reasoned that the scale of chirality in small organic 
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molecules might be too small to create a stable chiral cavity because of the 
bond/segmental motions of the host matrix. So, larger asymmetric helical molecules, 
including DNA and collagen, were employed as templates in the preparation of molecular 
imprinted silica via the sol-gel process. After template removal, selective adsorption of 
silica matrix was tested with racemic solutions of tartaric acid, malic acid, 1,1’-bi-2-
naphthol, and camphor. The results showed that the collagen-imprinted silica might 
exhibit some enantiomeric selectivity in the tartaric acid system. However, the effect, 
though encouraging, is not large enough for a definitive conclusion. Further exploring the 
use of templates with large scales of chirality, such as bridged binaphthalene derivatives 
and multi-dentate ligand-metal complexes, would be helpful to better understand 
molecular imprinting. More control experiments should be designed to exclude possible 
artifacts.  
 
7.2. Nanoprobes 
Nanoscale electrochemical probes with dimensions as small as 50 nm in diameter 
and 1-2 µm in length have been fabricated using electron beam deposition on the apex of 
conventional micron size electrodes. The electrically conductive and electroactive region 
is limited to the extreme tip of the nanoprobe by coating with insulating polymer and re-
opening of the coating at the extreme tip. Such a nanoprobe could find many important 
applications in cellular electrochemical measurements. The small size and high aspect 
ratio ensure that the probes can be utilized for neuron analysis in extremely small 
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microenvironments, such as synaptic clefts. The novel nanoelectrodes thus prepared were 
employed to probe neurons in mouse brain slice, and the results suggest that the 
nanoprobes were capable of recording neuronal excitatory postsynaptic potential signals.  
More experiments will be carried out using these novel nanoprobes to detect 
electric and electrochemical signals within neuron cells at various specific sites and in 
other types of cells. More experiments on the electrochemical study of these probes, such 
as the cyclic voltammetry data of probes, could be carried out to determine the 
capacitance of these probes, their electron transfer rates, and overall electroactive surface 
area characteristics. Other experiments, such as the electrochemistry study of nanoprobes 
in known analytes before and after cell probing, would be helpful to further evaluate the 
probes for the capability of repeated usage. 
A new approach to fabricate nanoprobes is currently under investigation. The new 
approach involves a pipette pulling process. A glass capillary tube was put under a laser 
pipette pulling machine; after carefully adjusting the parameters, the pipette with a tip in 
nanometer scale could be obtained. We have carried out preliminary experiments with 
this pipette pulling process.  
 
7.3. Solid State Materials 
The third area of my research is the study of the solid state materials based on 
phthalocyanines. Interesting solid state chemistry was found in oxygenated iron 
phthalocyanine. Oxygen has been diffused into the interplanar spacings of solid β-
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Fe(II)Pc at relatively low temperatures in the dry state and in aqueous suspensions. We 
found novel oxygen adducts were stabilized in the solid matrix of β-Fe(II)Pc. The 
oxygen-bridged compounds formed in the solid matrix bear no resemblance to the one 
formed by solution chemistry. Some tentative assignments of the species were made on 
the basis of their Mössbauer parameters. The assignments were supported by IR spectra. 
At least 4 new species formed upon oxygenation, which include 2 new 6-coordinate and 
2 new 5-coordinate species. An intriguing observation is that species IV and V (6-
coordinate) seem to convert reversibly to species II and III (5-coordinate) at higher 
temperatures, i.e. room temperature.  From Mössbauer spectra one can see quite clearly 
an evidence of interconversion of oxygen adducts as a function of temperature. 6-
coordinate species are preferred at higher oxygenation degree and at low temperature, 
which might be due to the localization of floating oxygens. Cooling rate dependent 
stabilization between RT and 80 K were also evidenced by Mössbauer spectra.  
 
7.4. Studies on Aniline Trimer 
An effort to modify aniline trimer for potential nanoelectronics applications and 
to investigate the formation of “nano-pancake” shape aggregation was also reported. 
Nanostructured trimer aggregation was observed when dilute solution was deposited on 
nano electronic devices. The diameters of “nano-pancakes” were less than 500 nm. This 
phenomenon was further studied by varying trimer concentration, solvent, and doping 
agent. The experiments showed that solvent, trimer concentration, and acid doping all 
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had some effect on the nanostructure forming process. When trimer concentration was 
higher, crystal structure in the order of a few micrometers was formed. 
Thiol group and long n-alkyl chain was added to the trimer. The modified 
compounds did not dissolve in common organic solvents. Mass spectra showed that 
multiple alkyl chains were added onto the trimer, such as 1-substitued, 2-substitued, 3-
substituted trimer. 
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Appendix A. Thermo-Responsive Polymer Micelles for Phthalocyanine 
Delivery in Photodynamic Therapy of Cancer 
(An Independent Research Proposal Defended and Passed on August 28, 2003, in Partial 
Fulfillment of the Requirement for the Ph.D. Candidacy) 
 
A.1. Abstract 
Photodynamic therapy (PDT), as a novel cancer treatment, is receiving increased 
attention. PDT treatment involves administration of a photosensitive drug. Among the 
various photosensitizers being investigated, phthalocyanines have been found to be 
highly promising. One of the problems in using phthalocyanines in PDT arises from their 
insolubility in aqueous media and their tendency toward aggregation, which will cause a 
drastic reduction of the overall photosensitizing efficiency. The development of advanced 
delivery systems which can target malignant tissues and can also preserve the 
photosensitizing ability of phthalocyanines is a challenging task and is receiving a lot of 
attention. 
At the present time, polymer micelles seem to be one of the most advantageous 
carriers for the delivery of water-insoluble drugs. Since inflamed areas such as tumor 
sites are characterized by a local hyperthermia, using temperature as the targeting or 
triggering method to deliver phthalocyanines will be very site-specific. Therefore, in this 
proposed study, thermo-responsive polymer micelles are proposed to deliver 
phthalocyanines in PDT. Thermo-responsive polymer micelles, which are stable up to 
37°C and aggregate when the surrounding temperature is in the range of 38-42°C, are 
going to be investigated. Phthalocyanines are loaded in the core of micelles. So they can 
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accumulate only at the tumor site. It is anticipated that the stability of polymer micelles 
combined with their feature of thermo-sensitivity could further improve the efficiency of 
the photosensitizer and reduce the side effects of the treatment. The objective of this 
proposed research is to investigate the thermo-responsive polymer micelles that can be 
loaded with water-insoluble phthalocyanines and that they can be efficiently unloaded at 
the tumor site(s) which would make this approach of potential pharmaceutical use in PDT.  
 
A.2. Introduction 
Photodynamic therapy (PDT) is a special form of phototherapy, which includes 
all treatments using light to induce reactions in the body which are beneficial for patients. 
PDT, as a novel cancer treatment, is receiving increased attention. A major goal of cancer 
therapy is preferential destruction of malignant cells while sparing normal tissues. 
Conventional treatments for cancer, such as surgery, chemotherapy, and radiation therapy, 
have serious side effects. PDT treatment is a site-specific alternative, which involves 
administration of a photosensitive drug which has a high affinity towards malignant 
tissues. The drug alone should be non-toxic and have no effect on either healthy or 
abnormal tissue. However, when light is directed onto tissue containing the drug, the drug 
becomes activated and the tissue is rapidly destroyed.1 
The singlet oxygen mechanism is prevalent now to explain how PDT works. First 
the drug (a photosensitizer), is administered to the patient, usually by injection, which 
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tends to accumulate at the tumor site. Upon illumination with light, the photosensitizer is 
excited. The excited-state energy is then transferred to molecular oxygen in its ground 
state (triplet) to produce a particularly reactive form of excited oxygen called singlet 
oxygen, which is unleashed as the predominant cytotoxic agent.2 By careful application 
of the light beam, the technique can be targeted selectively to the abnormal tissue. Some 
of the drugs being developed also have the desirable property of accumlating in tumors 
relative to the surrounding healthy tissues, which also helps in targeting. That’s the 
reason why PDT can target the tumor with some precision and has a better selectivity 
than conventional cancer treatments.3 
PDT is a developing technique which can potentially destroy unwanted growth, 
while sparing normal tissue. Following many studies of its effectiveness, PDT was given 
FDA approval in December 1995 for treating patients with cancer of the esophagus. Now 
it has got FDA approval for additional use.4 Photodynamic therapy promises an advance 
in cancer treatment, and the technique is being tried in many types of cancer patients. 
There is growing confidence that PDT is a gentle but powerful weapon in the fight 
against cancer and other diseases.  
However it should be mentioned that PDT is still largely an experimental therapy. 
More research is needed to further develop and assess PDT with different drugs in 
different clinical situations. In the present clinical practice, local light irradiation 
contributes to most of the selectivity of PDT, since many photosensitizers discovered up 
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till now exhibit only moderate selective accumulation in cancer cells. Now PDT in a 
specific well-defined area is mainly depended on the localized application of light as 
made possible with laser beams. But highly localized irradiation is hindered by light 
scattering in some tissues. In this kind of situation, trace amount of photosensitizer in the 
surrounding normal tissues could be excited by the scattered light and this would cause 
some damage to the normal tissue. So research on improving selective accumulation of 
photosensitizers in tumor sites, or called targeted delivery of photosensitizers, is 
receiving increased interest lately. 
 
A.2.1.  Phthalocyanine as Photosensitizers 
In PDT, for most purposes, red light is used because it penetrates tissues better 
than blue light. Large heterocyclic molecules with conjugation, like phthalocyanines and 
porphyrins, could absorb red light. So this type of compounds has been chosen to be 
investigated for potential use in PDT. Photosensitizers should have absorption bands in 
the 600-850 nm wavelength region, corresponding with maximal light penetration into 
mammalian tissues.5 Photosensitizers currently under evaluation for PDT include several 
large heterocyclic metallocomplexes.  About a decade ago, porphyrins were chosen as the 
first-generation photosensitizer for PDT.6  Since 1993, regulatory approval for PDT that 
involves the use of a partially purified hematoporphrin derivative (Photofrin®) in patients 
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with cancer of the lung, digestive tract and genitourinary tract has been obtained in 
several countries.  
But porphyrin photosensitizer has several disadvantages. Optimal tissue 
penetration by light occurs between 650-800 nm, but Photofrin® absorbs only weakly at 
about 620 nm. And it is a complex and inseparable mixture of monomers, dimers, and 
higher oligomers. So scientists are working on search for new photosensitizers which 
absorb at long-wavelength and which have well-established structures. Porphyrins were 
chosen as the first-generation photosensitizer also because they can accumulate in 
significant amounts and retained for prolonged time by neoplastic tissues, and their 
clearance from the tumor sites occurs at a very slow rate.7 This causes one potentially 
adverse effect: the drugs can result in skin photosensitivity, which means that patients 
must stay out of bright light for some time following the administration of the drug. All 
this led to the search for second-generation photosensitizers, which have greater chemical 
purity, better red light absorption, and lower cutaneous photosensitivity. Among the 
various second-generation photosensitizers being investigated, phthalocyanines have 
been found to be highly promising. 8 
The word phthalocyanine is derived from the Greek terms for naphtha (rock oil) 
and cyanine (dark blue).9 The commercial uses of phthalocyanines are mainly as 
colorants for paint, inks, textiles.  Monomeric metallophthalocyanines have a narrow, 
very strong absorption peak at the red visible region, around 670 nm, so they can be 
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excited at longer wavelengths than porphyrin based photosensitizers such as Photofrin®.10 
This optical property allows a deeper penetration of light into tissues. Phthalocyanines 
are relatively nontoxic in the dark and have relatively high singlet oxygen quantum yields. 
These unique features, together with their ease of function and formulation, have aroused 
intense interest in the use of these functional dyes as second-generation photosensitizers 
in PDT. Molecular structures of porphyrin and phthalocyanine are shown in Figure A-1. 
However, the photodynamic potential of this dye has not been fully exploited due to 
its insolubility in physiological solutions. Research has been reported on modification of 
phthalocyanines to make them water-soluble.11 Its water-soluble sulfonated derivatives 
have been reported as potential sensitizers.12 But by introducing sulfonic group into 
phthalocyanines, their efficiency as photosensitizer is reduced. Though they are soluble, 
they easily aggregate. The tendency toward aggregation will cause a drastic reduction of 
the overall photosensitizing efficiency. This problem is particularly serious in polar 
media like water. One of the strategies to reduce the aggregation of phthalocyanines in 
aqueous media involves the use of surfactants or other substances which can create a 
micro-heterogeneous environment such as micelle or liposome. It has been found that 
phthalocyanines exist mainly as monomeric species in these environments, giving a 
relatively high photoactivity. Using Cremophor oil as surfactant to make an emulsion of 
phthalocyanines has been reported.13 But, Cremophor surfactant formulation presently 
used for phthalocyanines in vivo administration has been shown to induce some adverse 
side effects in patients.14 Several colloidal carriers such as liposomes, nanoparticles, and 
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polymer micelles have been developed as a means of drug delivery. In these three means, 
liposomes15 and nanoparticles16 have been reported as phthalocyanine delivery. But they 
have some disadvantages for in vivo administration, such as easily detected by body’s 
defense system (this will be explained below).  
Polymer micelles, as a new means of drug carrier, offer several advantages over 
conventional colloidal drug carriers. Polymer micelles may prove useful as carrier for 
phthalocyanines in PDT. So far, only preliminary research on using pH-responsive 
micelles to deliver phthalocyanines has been reported.17  However, the pH of the tumor 
interstitium rarely declines below pH 6.5,14 and the variation in pH occurs naturally in 
some areas of the human body, thus makes it technically difficult to manage drug 
targeting.  
The development of advanced delivery systems which can target malignant 
tissues and can preserve the photosensitizing ability of phthalocyanines thus remains as a 
challenging task. 
 
A.2.2.  Polymer Micelles as New Drug Carriers 
The success of most advanced drug delivery strategies requires development of 
new site-specific carriers. Drug delivery systems capable of releasing active compounds 
in response to stimuli such as pH, electricity, temperature, ultrasound or light have 
received increasing interest in recent years. But in addition to site-specificity, there’s 
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another important factor to consider when designing a drug carrier. That is, the drug 
carrier should be able to avoid the uptake by body’s reticuloendothelial system (RES).18 
Reticuloendothelial system also called Macrophage System, or Mononuclear Phagocyte 
System (MPS), is a class of cells that occur in widely separated parts of the human body 
and that take up particular substances. These cells are part of the body's defense 
mechanisms. Reticuloendothelial cells are phagocytic; i.e., they can engulf and destroy 
bacteria, viruses, and other foreign substances.19 A major obstacle of colloidal carrier 
system is the non-specific uptake by RES. If this happens, a majority of an injected 
carrier system is going to be removed from the blood circulation before its arrival at 
target sites. Thus targeting efficiency is very low even if this carrier system possesses 
highly specific affinity to the target sites. One way to improve the active targeting 
efficiency is to prolong the circulation in blood. So they can exhibit long blood 
circulation time in order to efficiently distribute active drugs to the tumor site.  
Recently, polymer based colloidal drug delivery and release systems, in particular 
those with biocompatible and biodegradable polymer backbones, have been studied 
extensively.  In all the polymer based drug delivery systems, polymer micelles become a 
most noteworthy candidate as drug carrier for the treatment of cancer due to their 
properties and biological interests. Polymer micelle is composed of amphiphilic block 
copolymers exhibiting a hydrophobic core with a hydrophilic corona. One can adjust the 
chemical nature of blocks as well as the molecular characteristics, such as molecular 
weight, composition, and presence of functional groups for active targeting, within the 
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block copolymer series to optimize the performance of the drug for a given situation. Due 
to their unique structural characteristic, polymer micelles exhibit stealth characteristics 
and are not detected by the body’s defense system.20  Figure A-2 shows a general scheme 
of micelle formation from amphiphilic block copolymers.21 
Polymer micelles have several advantages over conventional colloidal drug 
carriers. First, the micelle dimension is easily adjustable in the range of 10-100 nm; such 
a small size allows them to minimize scavenging by the mononuclear phagocyte system 
(MPS).22 Second, they have a hydrophobic-hydrophilic core-shell structure, and water-
insoluble drugs can be loaded in their core. And it has been reported that the highly 
hydrated outer shell further prevents nonspecific interactions and uptake by the MPS.23 
Third, polymer micelles have a low CMC (critical micelle concentration, below that 
concentration, only single chains are present; above that concentration, both single chains 
and micelles coexist), as compared to low molecular weight surfactant, which is 
important since it determines the stability of micelles during dilution in biological fluids. 
And they also have a slower dissociation rate, which allows retention of loaded drugs for 
a longer period of time. It’s reported that the entrapped drug may act as a filler molecule 
and even enhance the stability of the micelle itself, preventing the micelle from 
dissociation upon dilution.24 Fourth, end group functionalization of micelles increases the 
targeting efficiency.25 Polymer micelles have also been shown that they can decrease the 
toxicity of anticancer drugs while increasing their efficiency.17  
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Since inflamed areas such as tumor sites are characterized by a local hyperthermia, 
and local hyperthermia can also be easily induced by ultrasonic treatment or microwave 
method, using temperature as the targeting or triggering method to deliver 
phthalocyanines will be very site-specific. Therefore, thermo-responsive polymer 
micelles are proposed to deliver phthalocyanines in PDT. Thermo-responsive polymer 
micelles could enhance the anti-tumor efficiency of the drug by accumulating in the 
target area, and releasing the drug as the temperature of the surrounding environment 
increases. Although the use of thermo-responsive polymer micelles for the delivery of 
chemical drugs is reported,26 entrapping phthalocyanines in these systems for targeted 
PDT has not been studied. It is anticipated that the stability of polymer micelles 
combined with their thermo-sensitivity could further improve the efficiency of the 
photosensitizer. The objective of this proposed research is to investigate the thermo-
responsive polymer micelles that can be loaded with water-insoluble phthalocyanines and 
to characterize them for potential pharmaceutical use in PDT. 
 
A.3. Proposed Research 
Typical phthalocyanine structure is metallocomplex, in which the central atom 
can be different metal atoms, such as Al, Co, Zn, Cu, Fe. Intensive research has been 
done to screen metallophthalocyanines’ photosensitizing activity for PDT.27 It has been 
shown that some phthalocyanines like Cu, Fe, Co, Ni phthalocyanine has no cytotoxic 
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activity under red-light exposure. While chloroaluminum phthalocyanine (AlClPc) and its 
sulfonated derivative (AlPcS) exhibited differentiable phototoxicity, producing cytotoxic 
effect under red-light irradiation but no or little effect after exposure to room light(400-
600 nm).28 So they make potent sensitizers for the photodynamic therapy (PDT) of cancer. 
Their efficacy has been demonstrated both in animal model systems as well as in clinical 
settings.29 It has been shown that unsubstituted AlClPc is a better photosensitizer than its 
sulfonated derivative.30 So in this proposed research, we propose here the use of thermo-
responsive polymer micelles as the carrier system for AlClPc in aqueous solutions. The 
objective of this proposed research is to prepare the thermo-responsive (38-42°C) 
polymer micelles that can be loaded with water-insoluble AlClPc and to characterize 
them for potential use in PDT. 
 
A.3.1. Theoretical Considerations 
Using thermo-responsive polymer micelles to deliver phthalocyanines will be 
very site-specific. It will make a more promising phthalocyanines carrier for PDT. 
Polymer micelles have a few unbeatable advantages as drug carriers. They can entrap 
poorly soluble AlClPc in the core and thus increase the drugs’ bioavailability. They can 
stay in the blood long enough to accumulate in the required area. Their small size permits 
them avoiding the uptake by the body’s RES. And also a very important one, they can be 
prepared in large quantities easily and reproducibly.  And being entrapped in the micelle 
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core, the poorly soluble AlClPc is well protected from possible inactivation under the 
effect of biological surroundings, they will not provoke undesirable side effects, and it’s 
also believed that the drugs’ bioavailability is increased. At the present time, polymer 
micelles seem to be one of the most advantageous carriers for the delivery of water-
insoluble drugs.31 
 
A.3.1.1. Signal  
Since inflamed areas such as tumor sites are characterized by a local hyperthermia, 
and in case it’s not sufficient in some tumor sites, local hyperthermia could also be 
induced by outside methods, such as ultrasonic treatment or microwave method. PDT has 
been used in combination with other cancer treatments lately.  An apparently promising 
new development is the combination of PDT with hyperthermia. It has been shown that 
heating the area to be treated by PDT for a period of 20 minutes to about 43°C using 
microwaves provides at least a three-fold increase of the cell killing efficiency in vivo. 
The heating alone had a negligible effect. So using local hyperthermia as the targeting 
method is not only site-specific, and the PDT treatment efficiency could also be improved 
by induced local hyperthermia.  
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A.3.1.2. Thermo-Responsive Polymer Micelles 
Thermo-sensitive liposomes to achieve temperature modulated, targeted drug 
delivery was reported.15 However, conventional liposome formulations have only limited 
value in vivo due to non-selective scavenging by the RES and slow responsiveness to the 
temperature changes. In this proposed research, we propose to use polymer micelles. The 
outer surface of polymer micelles exposed into the aqueous surrounding consists of 
components that are hardly reactive towards blood or tissue components. This allows 
polymer micelles to stay in the blood rather long without being recognized by certain 
proteins or phagocytic cells. This longevity is an extremely important feature of micelles 
as drug carriers.21 
Poly (N-isopropylacrylamide) (PIPAAm) is chosen as the thermo-sensor. 
PIPAAm is a well-known water-soluble polymer showing reversible hydration-
dehydration changes in response to small solution temperature changes. A temperature 
showing hydration-dehydration changes is called the lower critical solution temperature 
(LCST). That means, the polymer is hydrophilic and water-soluble below its LCST, and 
it will undergo a reversible phase transition over a narrow temperature range to an 
insoluble aggregate above its LCST. The LCST of PIPAAm in water is known to be 
32°C.32 Utilizing this thermo-responsive property, PIPAAm and its gels have been 
studied for on-off drug release.33  
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Block copolymers with PIPAAm using hydrophobic polymers, such as poly(butyl 
methacrylate) (PBMA),32 poly(lactic acid) (PLA)34 or polystyrene (PSt)18 have been 
reported to form thermo-responsive micelles. These micelles have been shown to exhibit 
a thermal response similar to that well-known property for PIPAAm homopolymer. The 
LCST of these micelles is at about 32°C.  
The inner core of the micelles can be loaded with hydrophobic drugs, while the 
PIPAAm outer shell plays the role of aqueous solubilization and temperature 
responsiveness. The scheme of drug delivery using thermo-responsive polymer micelles 
is shown in Figure A-3. 
Preparation of micelles having an LCST value a few degrees above the 
physiological temperature (LCST>37°C) is important since these carriers would then be 
appropriate for in vivo applications as site-specific drug delivery vehicles. Polymers with 
LCST ranges from 38°C to 42°C can be synthesized by copolymerization of monomeric 
IPAAm with hydrophilic comonomers.35 So by using a series of hydrophilic comonomers, 
and also by changing molar ratio between comonomers, we can tune the LCST of the 
polymer micelles. Comonomers can be chosen from non-toxic, hydrophilic monomers, 
such as ethylene oxide, methacrylic acid, dimethylacrylamide. Those copolymers with 
LCST slightly above 37°C (38-42°C) will be chosen to form a block copolymer by 
reacting with hydrophobic monomers, such as those monomers mentioned above, styrene, 
lactic acid, butyl methacrylate, and amino acids.  
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Using this kind of strategy to tune polymer transitions, a site-specific targeting 
system can be achieved. Polymer micelles size is small (<100 nm), so they can avoid the 
non-selective uptake by body’s RES and circulate in the blood long enough to reach the 
desired site. By using polymer micelles that are stable at 37°C in vivo, the aggregation of 
micelles only happens at specific sites where the temperature is above the LCST. Since 
tumor sites are characterized by a local hyperthermia and a local hyperthermia can also 
be induced easily, thermo-responsive polymer micelles will be very promising for the 
successful site-specific delivery of AlClPc. The induced hyperthermia could also improve 
the PDT efficiency. And thermo-responsive polymer micelles can also achieve a temporal 
drug delivery control since the micelles’ collapse and aggregation are reversible. After 
the PDT treatment, the local hyperthermia no longer exists, the micelles have great 
chance to form again and this can help the clearance of phthalocyanines from the tumor 
sites after the treatment. Skin photosensitivity of phthalocyanines is much milder than 
Photofrin® already. Plus the temporal drug delivery control, the problem of skin 
photosensitivity, the most-hated side effect after current used PDT treatment, will be 
much lessened, which means that patients will not have to stay out of bright light for long 
time following the administration of the drug. 
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A.3.1.3. Drug Loading 
The core of micelles acts as a reservoir for the photosensitizer, AlClPc. Drugs to 
be delivered are either covalently bonded to block copolymers36 or loaded by dialysis.37 
But, conjugation of drugs with polymer micelles often leads to precipitation since most 
drugs are hydrophobic. So AlClPc is going to be incorporated into the micelles core via 
dialysis. The loading capacity of dialysis method is lower compared to conjugation. But 
it’s easier to operate and has fewer steps, and it will not introduce more chemical problem 
to the phthalocyanines, such as impurity, a lower photosensitizing efficiency. The low 
loading capacity of dialysis might be a problem for chemotherapeutic drugs. But in PDT, 
the photosensitizer is not destroyed but returns to its ground state without chemical 
alteration and it is able to repeat the process of energy transfer to oxygen many times, so 
only a small amount of photosensitizer is needed for the treatment.   
 
A.3.2. Experimental 
The synthesis of phthalocyanines has been extensively studied38 and is not 
described here in detail. Preparation of the hydrophobic-hydrophilic copolymer, 
formulation of the polymer micelles, thermo-sensitive measurements of the micelles, 
stability of the polymer micelles are discussed below. 
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A.3.2.1. Polymerization 
A large family of thermo-responsive polymer micelles can be obtained by using 
different monomers. For example, use IPAAm and methacrylic acid to prepare 
hydrophilic copolymer by radical polymerization using BPO (benzoylperoxide) or AIBN 
(N,N’-azobisisobutyronitrile) as initiator, 2-hydroxyethanethiol (HSCH2CH2OH), or 2-
aminoethanethiol (HSCH2CH2NH2) can be used as chain transfer agent to provide 
hydroxyl-terminated or amino-terminated polymer. The hydrophobic part can be obtained 
by radical polymerization of styrene, using 3-mercaptopropionic acid (HSCH2CH2COOH) 
as the chain transfer agent can provide carboxyl-terminated polystyrene. Then 
amphiphilic block copolymer can be synthesized by condensation of –OH and –COOH, 
or  –NH2 and –COOH group.  The scheme of synthesis of amphiphilic block copolymer 
is shown in Figure A-4. 
 
A.3.2.2. Formulation 
Polymer micelles are prepared by dialysis of the polymer solution against water. 
AlClPc loading in the inner core of micelles is carried out simultaneously with the 
preparation of micelles during dialysis. By using a dialysis membrane with certain 
molecular weight cut-off, micelles with desired diameters can be obtained. Furthermore, 
AlClPc loaded polymer micelles can be purified by filtration with a desired sized, say 20 
nm, 40 nm, or 60 nm pore-sized microfiltration membrane. 
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A.3.2.3. Determination of CMC Value 
Because of the importance of the micellization process, CMC value of our chosen 
system needs to be studied. Several methods can be used to determine the CMC value of 
copolymer, such as HPLC, particle size measurement by using small angle light 
scattering and fluorescent spectroscopy. Fluorescent spectroscopy is the most sensitive 
and precise one.39 A sparingly soluble fluorescent dye or called fluorescent probe, such as 
pyrene, is used as the marker. The fluorescent probe has a tendency to associate with 
micelles rather than with water phase and its fluorescence changes depending on the 
surroundings. One can see the increase in fluorescence intensity when micelles begin to 
appear. 
 
A.3.2.4. LCST Value of the Copolymer 
Polymer micelles are prepared in aqueous solution. They are going to show 
reversible changes in optical properties: transparent below the LCST and opaque above 
the LCST. The fluorescent method mentioned above can also be used here to determine 
the LCST value of polymer micelles. Pyrene is used as the fluorescent probe again in 
polymer micelles (a concentration above CMC is used here). By slowly increasing the 
cell-holder temperature, the fluorescence intensity will be observed to drop when 
temperature is above LCST. 
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A.3.2.5. Thermo-Sensitive Study 
The thermo-sensitive property of the polymer micelles can be observed by using 
atomic force microscopy (AFM). Drop the polymer micelles solution on a sample stage, 
and then dry the samples at below LCST and above LCST, the microscopic images of 
micelles are able to show aggregation of the polymer micelles at above LCST. 
 
A.3.2.6. Instrumentation and Characterizations 
In order to understand the relationship between structure and property of the 
thermo-responsive polymer micelles, several characterizations need to be done. 
Gel Permeation Chromatography (GPC) is to be used to determine polymer 
molecular weights.  This technique can facilitate the study of monomer’s effect on 
copolymer molecular weight, composition and hydrophilicity. 
Nuclear Magnetic Resonance (1H-NMR, 13C-NMR) can be used to verify the 
successful preparation of block copolymer. Composition of Poly(IPAAm-co-methacrylic 
acid) copolymer, polystyrene and poly(IPAAm-co-methacrylic acid)-b-polystyrene block 
copolymer can be measured. And Fourier-transform infrared (FT-IR) spectroscopy is also 
to be used to characterize the presence of the functional groups of the copolymer. 
UV-VIS spectrometer can be used to measure the transmittance of aqueous 
polymer solutions at different temperatures. Sample cells can be thermostated in certain 
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kind of UV spectrometer. By slowly heating the sample, the transmittance change with 
the temperature can be recorded. Values for the LCST of the polymer micelles can be 
determined at a temperature showing the start of turbidity. 
Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) are useful tools to observe the shape and morphology of the polymer micelles, 
using the same proposed method to prepare samples as for AFM. In conjunction with 
SEM, Energy Dispersive X-Ray Spectroscopy (EDX) is used to qualitatively and 
quantitatively analyze the elements present in a selected area of the SEM image. So EDX 
spectrum combined with SEM is to be used to compare samples before and after loading 
of phthalocyanines. The amount and the place of phthalocyanines loaded in polymer 
micelles can be shown clearly. 
 
A.4. Ph.D. Thesis Research 
My thesis research is mainly on developing new materials via sol-gel reactions for 
potential separation and catalysis applications. My work is on the synthesis and 
characterization of mesoporous materials, organic-inorganic hybrid material. Other work 
is on making nano electrode for potential single cell probe, synthesis and modification of 
electroactive materials and making potential super conductive materials. All the work is 
different from this proposed research substantially.  
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                     Hematoporphyrin(Hp)6                    Phthalocyanine 
     
   
Figure A- 1.  Molecular structures of porphyrin and phthalocyanine. 
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Figure A- 2.  General scheme of micelle formation from amphiphilic block copolymers.21 
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Figure A- 3. Structural changes and drug release occurring when the temperature is 
increased above the LCST of polymer micelles.32 
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Figure A- 4. Scheme of synthesis of amphiphilic block copolymer. 
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Appendix B. Raw Data of Chapters 3 and 4 
 
B.1. Raw Data of Chapter 3  
B.1.1. 50 mg Collagen as Template 
a) tested in tartaric acid solution (rotation angles in degree x103) 
22, 31, 40, 30, 31, 28, 26, 30, 37, 33, 34, 28, 26, 23, 22, 20, 23, 26, 27, 21, 26; 
10, 9, 15, 17, 18, 14, 15, 13, 12, 13, 11, 8, 13, 14, 15, 18, 15, 13, 14, 17, 18, 13, 18, 15, 9, 
13, 14, 16, 13, 12, 13, 20, 19, 18, 21, 23, 21, 18, 14, 8, 11, 13, 16. 
b) tested in malic acid solution 
-9, -11, -7, -2, -7, -9, -12, -8, -6, -14, -10, -3, -8, -7, -9, -10, -16, -17, -10, -5; 
-4, -2, -1, 2, -5, -4, -7, -5, -3, -6, -4, -4, -10, -5, -3, -4, -2, -1, -3, -4, 2, -2, -3, -3, 4, 1, -3, -1, 
-6, 2, -5, -5, -4, -6, -5, -2, -4, -4, -8, -5, -3. 
c) tested in camphor in solution 
6, 7, 3, 2, 3, 4, 5, 7, 4, 6, 7, 4, 3, 6, 5, 3, 5, 2, 3, 4, 3, 3, 5, 4, 3, 1, 0, 2, 0, 2, 6, 0; 
5, 7, 4, 1, 6, 6, 3, 6, 5, 11, 1, 1, 5, 4, 2, 6, 7, 5, 4, 2, 5, 4, 5, 5, 6, 4, 1, -1, 1, 5, 3, 2, 3, 4, 3, 
1, 3, -3, 5, 4, 5, 6, 3, 4, 5, 0, 3, 1, 4, 5. 
d) tested in naphthol solution 
0, -2, 1, -1, 0, 1, -3, 0, -1, 5; 
3, 2, 6, 4, 2, 1, 0, 2, 3, -1, -2, 2, 3, 2, 1, 4, 3, 5, 2, -1, 0, -3, 2, 5, 7, 3, 2, 0, -3, 3, -2, -3, -1. 
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B.1.2. 50 mg DNA as Template 
a) tested in tartaric acid solution 
-2, 4, 2, -1, 1, -4, -3, -6, -2, 1, -3, 4, 3, -1, 0, -5, -2, 1, -7, -3, -8, -3, 0, -1, -6, -3, -1, -3, 1, 2, 
-3, -1, -5, -7, -2, -6, -2, -3, -10, -6, 1, 0, 5, 0, -4, -1, -4, -6, -11, -9, -7, -3; 
5, 4, 3, 2, -3, 0, 1, 2, 0, 1, -1, 0, 0, -4, -2, -5, -2, -5, -2, -5, -4, -6, -11, -4, -2, -11, -12, -9, -
14, -7, -11, -8, -9, -8, -7, -8, -5, -10, -9, -12, -17, -9, -10, -9, -11, -9, -11, -8, -9, -9, -10. 
b) tested in malic acid solution 
4, 1, 3, -1, -3, 1, -1, 5, 2, 5, 4, 1, -1, 3, 7, 5, 8, 0, 4, 5, 6, 2, 4, 3, 7, 1, 4, 5, -1, 2, 2, 3, 2, 4, 
6, 1, 0, 1, 3, 1, 3, 2, 1, -1, 7, 4, 2, 5, 6, 4, 5, 6, 2, 5; 
-3, -1, -2, -3, -1, -4, -3, -2, 1, -7, -4, -3, -6, 0, 0, -5, -8, -4, -8, -4, 0, -4, -4, -3, 0, -8, -7, -7, -
5, 0, -4, -2, -4, -2, -1, -4. 
c) tested in camphor in solution 
11, 6, 10, 7, 6, 12, 10, 5, 7, 8, 4, 6, 6, 3, 4, 5, -1, 1, 7, 10, 4, 2, 0, 7, 4, 7, 5, 6, 3, -1, 6, 11, 
5, 3, 1, 7, 10, 6, 4, 9, 7, 4, 2, 6, 4, 12, 6, 8, 9, 11, 10, 9, 7, 12, 16, 17, 14, 11, 13; 
3, 4, 6, 11, 11, 8, 9, 6, 5, 7, 8, 9, 11, 8, 11, 8, 10, 11, 11, 13, 11, 6, 9, 7, 13, 12, 10, 6, 9, 12, 
6, 7, 6, 8, 9, 13, 10, 12, 8, 7, 8, 11, 11, 10, 13, 11, 8, 13, 8, 7. 
d) tested in naphthol solution 
9, 8, 7, 8, 6, 7, 8, 10, 9, 10, 7, 5, 6, 8, 3, 12, 10, 5, 8, 9, 10, 11, 9, 3, 7, 5, 4, 7, 8, 13, 9, 6, 
11, 6, 11, 7, 11, 7, 8, 5, 8, 3, 0, 3, 6, 8, 12, 9, 6, 7, 5, 7, 10, 11, 8, 3; 
8, 11, 9, 10, 11, 9, 5, 6, 16, 15, 10, 9, 3, 2, 4, 10, 7, 9, 11, 8, 6, 7, 8, 9, 8, 7, 8, 10, 11, 10, 
11, 16, 8, 12, 9, 6, 5, 8, 9, 18, 11, 8, 10, 11, 10, 9, 7, 11, 11, 10, 12, 12. 
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B.1.3. 100 mg DNA as Template 
a) tested in tartaric acid solution 
4, 3, 2, 5, 2, 3, 4, 1, -2, 3, 4, 7, 5, 3, 0, 3, 6, 1, 5, 3, -1, 0, 6, -1, 3, 1, -2, 2, 0, 2, 1, 4, 3, 2, 1, 
6, 4, -1, 0, 0, -1, -3, -1, 1, 3, -5, -3, -1; 
0, -7, -1, 4, 5, 9, 2, 8, -2, 6, 4, 3, 4, 5, 1, 0, 0, 0, -2, 6, 9, 3, 11, 6, 7, -1, -7, 5, 7, 9, 2, 14, 6, 
4, 9, -1, 5, -2, 2, 2, 4, 2, 4, 10, 11, 3, 1, 4, 7, 6, 7, 3, 7, 9, 4, 14, -3, -4, 1. 
b) tested in malic acid solution 
3, 5, 2, 6, 4, 2, 4, 2, 4, 7, 6, 4, 3, 7, 3, 6, 9, 5, 7, 6, 11, 7, 3, 6, 4, 3, 6, 7, 10, 8, 7, 4; 
2, -2, 1, 1, 0, -5, 1, 0, 1, 0, 1, -2, -2, -3, -5, 1, 2, 0, -1, -2, -2, 1, 0, -2, -1, -1, -3, -1, -1, -2, -
7, -4, -6, -2, -3, -2, -3, -1, -2, 1, 1, -2, -3, -1, -2, -1. 
c) tested in camphor in solution 
10, 9, 7, 10, 4, 7, 10, 8, 8, 6, 7, 8, 9, 8, 4, 8, 8, 6, 7, 10, 9, 10, 10, 11, 9, 9, 8, 9, 6, 11, 6, 9. 
d) tested in naphthol solution 
0, -1, 2, 2, -2, 3, 2, 0, 1, 4, 1, 0, -2, 0, 4, 2, 1, 3, 1, 1, 3, 2, 0, -2, 0, -1, -2, 0, 0, -1, 2, -1, 1, 
0, -3, -4, -5, 3, 0, -1, 3, -2, -3, 0, 3. 
 
B.1.4. 200 mg DNA as Template 
a) tested in tartaric acid solution 
30, 49, 54, 53, 53, 53, 53, 53, 47, 37, 35, 34, 38, 44, 38, 48, 47, 52, 51, 48, 48, 44, 39, 42; 
6, 1, -2, 3, 6, 6, 2, 4, 0, 3, 5, 1, -3, 2, -2, 0, 3, -1, -3, -1, 1, 2, 1, 6, 0, 3, 1, -2, 1, -1, -3, -4, -
1, -2, 2, 1, 3, 5, 3, 2, 0, -1, -3, -4, 3, 4, 3. 
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b) tested in malic acid solution 
6, 2, 4, 4, 6, 2, 2, 4, 6, 3, 2, 3; 
3, 5, 2, 4, 2, 3, 0, -1, -3, 2, 3, -2, 0, -4, 1, 2, 1, 5, 3, 6, 2, 0, 3, -2, 1, -3, 2, 3, 3, 5, 2, 0, -1, -
3, 4, 2, -4, 2, 1, 0, 3. 
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B.2. More SEM Images of Tips Grown in Chapter 4 
 
 
 
 
 
Figure B- 1.  Tips grown on mica. 
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Figure B- 2. Tips grown on graphite. 
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Figure B- 3. Tips grown on AFM cantilever, before (top) and after (middle) tip grown in 
the center of cantilever, and multi-tips grown on the ridge of cantilever (bottom). 
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Figure B- 4. Tips grown on nichrome wires. 
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Figure B- 5. Tips grown on gold wires. 
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Figure B- 6. Tips grown on gold wires. (View from top, tips grown shown as the bright 
dots on the SEM micrographs.) 
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Figure B- 7. Tips grown on tungsten microelectrodes. 
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Figure B- 8. ESEM images of tips grown on tungsten microelectrodes. 
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